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FORWARD

Thi s handbook provi des considerations for use in the design,
instal lation, operation and acceptance of Department of Defense(DOD)

long haul DCS Line-of-Sight (LOS) analog mcrowave communications
facilities.
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SCOPE
Section 1.1 GENERAL.

1.1.1 This handbook for line-of-site (LOS) radio systens include techniques
and procedures necessary for communications engineers to design systens
utilizing state-of-the-art principles existing now |nformation in this
handbook is applicable to systems operating at frequencies between approxi-
mately 1 to 40 GHz, and outline the design methods to be enployed in the
engineering of LOS facilities so that they will operate in accordance with
the required criteria. In order for an actual systemto nmeet Defence

Conmuni cation Agency (DCA) standards and objectives, the appropriate and
current Mlitary Standards (section 2.1), DCA circulars, CCIR Recommendations
or service-wide publications (section 2.2) nust be consulted as source
documents for performance criteria. The referenced standards are updated

as the state of the art inproves, and such inproved performance standards

are not necessarily reflected in the exanples given in this handbook.

1.1.2 The handbook categorized the basic information which nust be supplied
to, or assumed by, the engineer before he can determne system feasibility
and start the design procedures

1.1.3 Information is provided first on howto start the design work with a
prelimnary selection of sites and routes based on stated performance require-
ments. Selection is aided by obtaining prelimnary path profiles and
calculating initial transmission |oss values

1.1.4 Procedures are then established for planning and performing field
surveys and using the results obtained for further establishing site and route
preference

1.1.5 Wrksheets and procedures are presented for the detailed evaluation of
individual links after provision is made for adequate terrain clearance
Various equipnent alternatives are discussed and quantitative data for equip-

ment planning are supplied. 1-1
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1.16 Atreatnent of overall systemplanning is presented under the basic
topics of systemlayout, frequency allocation, intra-systeminterference

al | onabl e link noise quota, and performance predictions.

Section 1.2 PURPQSE.

1.2.1 This handbook is intended to assist suitably qualified personnel in
designing nicrowave systems to current state-of-the-art standards, but can-
not be considered a substitute for experience and education in the engineering
of such systens.

1.2.2 Various aspects of design problens are considered and severa
alternatives to their solution are presented wherever possible. Al though
the handbook draws information and ideas from many sources, it is not to be
used exclusively. Serious or special problenms may require that other
applicable sources of information he consulted

Section 1.3 APPLICATION.

1.3.1 The handbook applies to mcrowave |ine-of-sight (LOS) radio systens
which are used to provide nmultichannel conmunication between fixed |ocations
Such point-to-point systems generally use a carrier frequency in the range of
1 to 40 GHZ over paths typically from10 to 100 kmlong. Antenna heights
above ground are usual |y adequate to provide line-of-sight paths under nost
circunstances, but sel dom exceed 100 M In some cases,passive reflectors
are enployed to obtain line-of-sight conditions

1.3.2 Individual paths or links are integrated into a system which may,
through the use of repeaters, extend over various types of terrain for a
distance of several hundred kiloneters. The transnitters are normally |ow
pover, from 0.1 to 10 w and with conpanion receivers share the use of high-
gain directional parabolic antennas between 1 and 5 min dianeter, or various
types of horns having equivalent gain and beamwi dth characteristics. These
systems provide the transmi ssion means for comunication traffic consisting

of voice, teletype, facsimle, digital data, and of visual displays.
1-2
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1.3.3 The mcrowave carrier nust be nodul ated by many inforna-
tion streams which are separated by nultiplexing processes. Primari-
ly two basic kinds of multiplexing are used on mcrowave LOS |inks,
nanely frequency division nultiplex and time division nultiplex. Fre-
quency division multiplex (FDM keeps the information streans
separated using frequency division by means of bandpass filters. Tine
division multiplexing (TDM uses logic circuits to isolate the channels

fromeach other in tine.

Section 1.4 OBJECTI VES.
1.4.1 The main objective of this handbook is to provide methods for

m crowave LCS |ink and system design. Mjor topic areas discussed
are: obtaining detailed path profiles, path loss calculations, service
probability and fading range estimates, radio interference investigations,
adherence to DCA noi se standards, and |ink equipment requirenents.
G aphs, basic equations, and tables are provided for optimzing the
design through the use of trade-off studies in order to insure that the
functional, reliability, and safety requirements are met. Mst of the
design procedures and engi neering anal yses can be perfornmed using a
slide rule; more accurate calculation procedures are required for
great circle calculations.

1.4.2 Certain analyses are performed to insure the conpatibility
of the individual links with the total communication system objectives.
These are mainly (1) system performance predictions based on the
conposite characteristics of the individual links, (2) the conpatibility
anal yses of the individual frequency assignnments within the band, and
(3) the specification of branch and terminal requirenents so that the
linking of branches at the sites is achieved properly.

1-3
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Section 1.5 GENERAL | NSTRUCI ONS
1.5.1 Thi s handbook may be used to provide (1) a chronol ogica

order of procedures for designing the system and (2) information on
specific topics which may appear as particular design problens.

1.5.2 The organizational block diagrams (section 1. 6) should be
used as an aid in defining a chronologi cal order of procedures. They
show t he sequence of design tasks and indicate required information or
assunptions for each major step

1.5.3 For information on specific topics, the table of contents and
the index should be consulted. Many topics are considered from sever-
al points of view or at different stages in the design and, therefore,

are discussed at nore than one place in the handbook. The techni cal

description contained in Chapter 6 or in worksheets provided are needed

for some of the technical processes. Exanples of the worksheets may

appear in the text, and blank worksheets are included in Chapter 6.

Section 1.6 ORGANI ZATI ON
1.6.1 The main body of the handbook (Chapter 4) is organized as
shown in the follow ng block diagrans (figures 1.1 to 1.5). They
indicate that subject matters are discussed in the handbook as they would
nost probably occur chronologically in actual system design. If the
reader has know edge of where in LOS systemdesign a problemis to
be considered, he may view the diagrams and acquaint hinself with
specific or related tasks for a further understanding of that particular
probl em
1.6.2 Maj or topics are nunbered using periods to separate sections
and subsections. These nunbered topics appear in the table of
contents. Each paragraph in the follow ng chapters is individually
number ed.

1-4
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Flow Chart for Section 4. 2 (Study of Route Alternatives)
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Figure 1-3 Flow Chart for Section 4.3 (Field Survey)
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Figure 1-4 Flow Chart for Section 4. 4 (Link Design)
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2.1 Mlitary Standards.

M L- STD- 188

M L- STD- 188- 100

M L- STD- 188- 300

M L- STD- 188- 311

M L- STD- 188- 313

M L- STD- 188- 340
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CHAPTER 2
REFERENCED DOCUMENTS

M litary Communication System
Technical Standards (to be
replaced by ML-STD-200 series)
Conmon Long Haul and Tacti cal
Communi cation System Techni cal

St andar ds

Subsystem Design and Engineering
Standards for Technical Control
Facilities

Technical Design Standards for
Frequency Division Miltiplexer
Subsystem Design and Engineering
Standards and Equi prent Techni cal
Design Standards for Long- Haul
Comuncations Transversing

M crowave LOS Radio and Tropo-
spheric Scatter Radio

Long Haul Communi cations Standards
Equi prent  Techni cal Design Standards

for Voice Orderwire Miltiplex
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M L- STD- 188- 342 Standards for Long Haul Conmun-
cations Equi pment Technical Design
Stanards for Voice Frequency
Carrier Tel egraph (FSK)

M L- STD- 188- 346 Standards for Long Haul Communi ca-
tions, Equipment Technical Design
Standards for Analog End Instru-
ments and Central Ofice Ancillary
Devi ces

M L- STD- 188- 347 Standards for Long-Haul Communi ca-
tions Equi pment Technical Design
Standards for Digital End Instru-
ments and Ancillary Devices

M L- STD- 461 El ectromagnetic Interference Charac-
teristics Requirements for Equi pment

M L- STD- 462 El ectromagnetic Interference Chara-
teristics, Measurement of

M L- STD- 463 Definitions and Systems of Units,
El ectromagnetic Interference Tech-
nol ogy

M L- STD- 633 Mobile Electric Power Engine Gener-
ator Standard Famly characteristics

Data Sheets
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M L- STD- 1327 Fl anges, Coaxial and Wavegui de;

and Coupling Assenblies, Selection of

M L- STD- 1328 Couplers, Directioal (Coaxial Line,

Waveguide, and Printed Crcuit)

Sel ection 01

M L- STD- 1358 Wavegui des, Rectangular, Ridged and

Circular, Selection of

M L- STD- 1381 Technical Electronic Terns and

Definitions

2.2 Mlitary Handbooks.

(c) M L-HDBK- 232 Red/ Bl ack Engi neering-Installation

Quidelines (U

M L- HDBK- 411 Long Haul Communications (DCS)

Power and Environnental Control

for Physical Plant

M L- HDBK- 417 Facility Design for Tropospheric

Scatter

2.3 Oher Referenced Docunents.

1.

International Telephone and Tel egraph Corporation (1970), Refer-
ence Data for Radio Engineers, H P. Wstmn, ed.,
5th edition)Howard W Sans and Co., New York, NY.).

STRATCOM (1965), Tel econmuni cations Engineering-Installation
Practices, CCTM 105-50-3, US Arny Communications-
El ectronics Engineering Installation Agency, ATTN
ACCC- CED- SPT, Fort Huachuca, AZ85613

Brodhage, H., and W Hornuth (1968), Planning and Engi neering

of Radio Relay Links, 7th edition (Sienen Aktienge-
sell schaft, Minich, Gernany).

2-3



M L- HDBK- 416
15 NOVEMBER 1977
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10.

11.

12.

13.

14.
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15.

16.
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Lenkurt Electric Conpany (1970), Engineering Considerations for
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Dept. Cl34, San Carlos, Calif., 94070).

Martin, J. (1969), Tel ecommunications and the Conputer
(Prentice-Hall, Englewod Qiffs, NJ.).

Hansher, D.H ,ed. (1967), Communication System Engi neering
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Assenbly, Vol.Il,Part 1 (International Telecommunication
Union, Geneva, Switzerland).

Rice, P.L., AG Longley, KA Norton, and A P. Barsis (1967),
Transm ssion Loss Predictions for Tropospheric
Communi cation Crcuits, National Bureau of Standards
Technical Note 101 (Revised), Vol. 1 and 11 (Mis,1
AD 687 820 and AD 687 821).
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AFCSP 100-35 Air Force Communications Service,
Scott AFB IL 62225).
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Headquarters, Department of the Arny (1965), Map Readi ng,
FM 21-26 (GPO).

COR CCTT (1969), Econonic and Technical Aspects of the
Choice of Transmission Systens (International Telecom
nuni cations Union, Geneva, Switzerland).

Saad, T.S., ed. (1971), Mcrowave Engineers' Handbook, Vol.lI
and 11 (Aetech House, Inc., Dedham Mass.).

Lenkurt Electric Conpany (1966), Selected Articles from The
Lenkurt Dermpdul ator (GIE Lenkurt Dept. Cl34),
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Hogg, D.C. (1969), Statistics on Attenuation of M crowaves by
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TERVS AND DEFINITIONS (ML-STD 188-120)

Synbol s

A Area

A Parameter A or ?Em

A Total attenuation attributable to atmospheric and
terrain effects

a Terrain factor

A, Atnospheric absorption

A, Grculator loss

A, Transnit forward feeder attenuation

A, | sol ator |oss

A, Transmt reverse feeder attenuation

A, Transmission line |o0ss

b Bandwi dt h

b Cimte factor

B, Baseband bandwi dth

B. Bandwi dt h of the RF channels

b. Usabl e voi ce channel bandw dth

B, Receiver |F bandwidth

B, Md frequency separation

b., RF bandwi dth

C Velocity of |ight

C RF carrier |evel
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Carrier-to-noise ratio

Fresnel zone clearance

Ant enna di anmet er

Maxi mum di nensi on of an antenna aperture
Geat circle path distance

A side dinension of a reflector

Nomi nal path |ength

Lateral separation of route diversity paths
Electric field

Ef fective radiated power

Saturation vapor pressure

Receiver noise figure

Frequency

Medi an operating noise factor

Lowest frequency in the baseband

Maxi mum nodul ating frequency

nth Fresnel zone

Geonetric nean of the transmtting and
recei ving antenna power gains

Antenna gain above isotropic

Gain of the projected aperture of a passive
repeat er
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H Hei ght

h Vertical distance

h, Average height of the two, path ternminals
above sl

I, Di versity inprovenent

I Pre- enphasi s i nprovenent

K Kis a neasure of the anisotropic scattering
of the random conponents by the terrain

k Ratio of effective earth’'s radius to actua
earth radius, or the equivalent earth’'s
radius factor

k Boltzman's constant,
1.3804 X 10 nillijoul es/'K

k TBF Receiver noise threshold

L Transm ssion | 0ss

L., Basi ¢ free-space transmssion |oss
LF RVS | oad factor

| f Nunerical RMS | oad factor

L., Free-space path |oss

L, Medi an val ue of power |oss between antenna
termnals on a passive repeater |ink

L, Transmission line length (transmtter)

M. Fadi ng depth exceeded bel ow free space

M, Fade margin

N N = (n-1) 10°(refractivity)
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N Number of channel s
n Radio refractive index
n Nunmber of equival ent voice channels
N, Equi prent i nternodul ation noi se
NF Noi se figure
N, Feeder echo noise
N, . Total path independent non-linear noise

NPR Noi se power ratio

N, Surface refractivity

N, Thermal noi se

N, . Enphasis - inproved thermal noise

N.,.., Total nedian noise

N,,, Total noise at FM threshold

N, ;. Enphasis - inproved thermal noise at threshold

N.(E D) Diversity and enphasis - inproved thernal
noi se at threshold

P Pressure

P. Probability of error

PF Peak factor

pf Nurerical peak factor

P.. Percent of year that fades exceed a specified

depth bel ow free-space |o0ss
P Recei ved RF signal |evel

r
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Received signal level at FM threshold
Transmtter power

Di stance

Echo anplitude

Radi us of curvature of the radio ray
Signal |evel

rms value of the signal |evel
Reliability

Rel ative humdity in percent
Transmt return |oss

nth Fresnel zone radius

Radius of the earth (rge 6370 km
Rainfal | rate

Signal |evel

The RVS Rayleigh signal level in decibels
above the RVS multipath,

‘}1+a2

Signal-to-distortion ratio
Tenmperature (°K)

Vel ocity of propagation
Vol t age

Vol tage standing wave ratio
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Z Z = 20 |0g,(—=)
r

z | npedance
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Angl e of incidence

Attenuation

Reflection coefficient

Take-of f-angl e

At nospheric absorption due to oxygen

Rain attenuation per unit length

At nospheric absorption due to water vapor
RVS per channel deviation

Peak carrier deviation

Radio refractive index gradient

Refractivity gradient

Phase deviation

Angul ar frequency devi ation
Efficiency of antenna aperture
Angle of arriva

Angl e of incidence

Beamwi dth (hal f power)

Beamwi dt h between first null points
VWvel engt h

Cut-of f wavel ength
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0 Sum of reflection coefficient nmagnitudes

o Reflection coefficient

o Standard deviation of the heights of surface
irregularities

T Echo delay tine

X I'ncident angle of the reflected ray

ol Baseband angul ar frequency

3-8



M L- HDBK- 416
15 NOVEMBER 1977

CHAPTER 4
SYSTEM DESI GN

Section 4.0 | NTRODUCTI ON
4.0.1 Chapter 4 contains information necessary for designing the

l'ine-of -sight microwave systemwth the exception of facility design
criteria such as detailed information on physical plant |ayout, primry
power, tower and antenna structure, safety, etc. , which is presented
in Chapter 5.

4.0.2 Section 4.1 discusses gathering information on functiona
requirenents and resource limtations; it also discusses the content of
the engineering inplementation plan which nust be prepared as the
design effort proceeds. Section 4.2 describes a systematic approach to
the selection of sites and routes which tends to grade themin such a
way as to prevent good candidate paths from being overlooked or elinin-
ated. On the basis of grading described in section 4.2, certain paths
and sites are selected for additional investigation by field survey.

Fiel d survey techniques and requirements are considered in section
4.3. Information on path profiles and site conditions is used in the
detailed link design, section 4.4. Path geonetry, local meteorologica
conditions, potential interference sources, and basic nicrowave equip-
nent are involved. Section 4.5 takes up the problemof integrating the
links into a conmpatible system This task includes system |ayout,
frequency allocation, intra-systeminterference and the preparation of
system performance predictions. Chapter 4 is organized as shown in
the flow diagranms of section 1.6.

4.0.3 Quantative information on the topics described above is
contai ned throughout the various sections of Chapter 4. This inforna-
tion is contained primarily in the formof graphs and tables for ease of
application. Several equations, however, were considered necessary.
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Units and definitions of terms are supplied in the imediate context of
the equations. In cases where descriptive material describing the sane
topic appears in nmore than one place in the text, we have attenpted to

supply suitable cross-referencing.
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4.1 STARTING THE DESI G\

4.1.1 Ceneral
4.1.1.1 At the start of LOS mcrowave system design, several

copies of an outline map of the general area to be served should be
obtained. An exanple of such a map is shown later on in figure 4.5-1.
One or nore of these maps can be used to record information rel evant
to the systemas it becomes available. These outline maps can al so be
made to serve as an index to nore detailed information about the
system e. g., an approximate grid of suitable larger-scale maps can
be drawn on the outline map, and site designations can be shown at
their approximte location with nore detailed information provided in
tabular form Information on functional requirenents (sec. 4.1.2)

and resource limtations (sec. 4.1.4) should be collected, and organized
to start the Engineering Inplementation Plan (sec. 4.1.12) and
analyzed to determine basic feasibility (sec. 4.1 14).

4.1.2 Functional Requirenents

4.1.2.1 The functional information about the system that must be
obtai ned includes channel types (quantities and quality), termna
locations, direction of information flow, conpatibility with existing
equi pment and services, and flexibility for expansion. Uncertainty in
functional requirements often translate into additional system costs
because increased flexibility nust be designed into the system
Al'though flexibility is very desirable if it can be obtained at little cost,
it is often very costly in available resources and can be obtained only
at the expense of other valuable features

4.1.2.2 Communi cation centers that are to be connected through
the main trunk should be located as precisely as possible. Radio
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termnals that are to be serviced by spur links off the main trunk
should also be located. The positions of radio termnals help to outline
a large strip of terrain that is desirable for locating the main trunk.

I nformation about the channel types, capacity, quality, quantities, and
direction of flow is necessary for determning spectrum and power
requirements.

4.1.2.3 Plans or possibilities for future system expansi on shoul d

be exami ned. Appropriate planning for the initial system nust include
provisions for later upgrading or expansion so that site reconfiguration
or new construction can be mnimzed. The designer should also

consi der future channel requirements in addition to current needs when
specifying equipment. System upgradi ng may necessitate enl argenent
of buildings, greater air conditioning capacity, increased |ogistic
capabilities, enlargenent of the siting area, and possibly relocation of
existing stations, or addition of newtermnal or repeater sites

4.1.3 Channel Paraneters

4.1.3.1 Information on the nunmber and quality of channels, required
bandw dth, and direction of traffic flowis needed to determ ne frequency
spectrum and power requirements. Such information for FDMFM
systens can be listed using the format in Wrksheet 4.1-1 for each

link. It provides also the basis for estimting spectrum requirenents
for the purpose of requesting frequency assignments (see sec. 4.1.10).
4.1.3.2 Nomi nal values given in Wrksheet 4.1-1 may be used in
lieu of nore current information. The relation between the nunber of
voi ce channel's, per-channel deviation, and the total radio frequency
spectrum requirenents is shown in figure 4.1-1, and will also be

di scussed later on in section 4.5.5. The nunber of channels needed

to carry traffic over each link will often be equal in both directions.
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from site to site
Equi val ent Nunber  of
Nunber | Baseband voi ce chan- equi val ent
Type of of per | nel's per infor- |voice Baseband
Channel Channels | Channel |Qualitv|mtion channel | channels | Spectrum
VoI ce
(Tel ephone)
Voice
(Facsimle)
VoI ce
(Low Speed Data)
VoI Ce
(Medi um Speed Dat a)
Dgiial Daia
(Hgh Speed)
Vi deo
Total s

Link channel requirenents

rounded to the next higher

noni nal val ue *

Transmitter RF bandwi dth’

(Future Expansion)

VoI ce
(Tel ephone)
VoI ce
(Facsimle)

VoI ce
(Iow Speed Data)

VoI Cé
( Medi um Speed Dat a)

Ogital Data
(Hgh Speed)

Vi deo

"Nominal values are 24, 60, 120, 300, 600, 960, and 1800.

“Estimate using figure 4.1-1.

Worksheet 4.1-1 Format for Recording Channel Requirenents for FDWFM Systens.
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The total spectrum requirements may, however, be double the val ues
determned here if it is necessary to enploy frequency diversity.

This may have to be considered when extremely long or otherw se
difficult links are involved, but cannot really be determined until the
procedures in section 4.2 have been followed through.

4.1.3.3 Simlarly, transmtter power requirenents nust also
await the results of prelimnary design calculations. However, in the
case of LOS systenms the required transmtter power values will seldom
exceed 10 watts, and this value may be used at least initially in the
application for frequency assignment.

4.1.4 Resource Limtations

4.1.4.1 Resource limtations nust be studied to determ ne costs
and feasibility. These limtations include econonic restraints, real
estate availability, construction lintations, spectrum availability,
socio-political considerations (especially in foreign countries), and
tine. Information (even for the initial input) should be as conplete,
conmprehensive, and accurate as possible. Known najor resource
limtations should be conpiled, and a list should also be made of
potential major limtations for which the information resulting from
initial surveys is inadequate. Systematic nethods should be set up to
seek and utilize additional information on resource limtations as

system desi gn proceeds.

4.1.5 Econom c Restraints

4.1.5.1 The initial system cost estimates are inportant because
requests for final project funding may be based on these estimates.

The design engineer should keep cost estimates updated as the design
proceeds, so that fiscal planners have sufficient tine to modify funding
requests, if need be. FM FDM nultiplexing equipment costs are
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nearly proportional to the number of channels over the path, whereas
for a TDM system nuch of the circuitry is comon and the termna
costs rise slowy as the channel requirement increases. Terninal
costs for microwave equi pment rise only slowy since nuch circuitry
is common. The cost for diversity equipment, waveguide, towers
heating and air conditioning, etc. , are relatively fixed and will be
simlar at each site. Building costs may vary widely over the area
covered by a specific system and if construction nust be speeded up
to nmeet an operational deadline, the costs may escalate rapidly because
of premum pay for overtine work

4.1.6 Real Estate Availability
4.1.6.1 There are usually many factors limting the nunber of

suitable terninal and relay sites. Some of these factors are large
bodies of water, blockage by terrain or terrain clutter (wthout using un-
acceptably high towers), prior use of suitable sites, political bounda-
ries, potential interference with other radio systems, |ocal zoning

regul ations ease of access, and environnmental aspects. Site availabil-
ity investigations should include a check into possible site security
problens. Particularly, unattended operation increases the possibility
of theft, vandalism or other damage and may require special and
substantial considerations. Site devel opment costs will generally be
subs tantially lower if a site can be found on government-owned | ands,
rather than on private property.

4.1.7 Construction Limtation

4.1.7.1 The nost common and inportant construction limtation
is that of tower height. Towers exceeding a given height may violate
| ocal ordinances for a nunber of reasons. If a link will be near an

airport, or in established air corridors, the site proposed may not be
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approved if it requires the use of high towers. Sinmilar restrictions

may be encountered in or near residential areas, or in certain scenic
areas. A very renote site may involve special construction restric-
tions if access roads will not permt heavy equi pment (e. g., cranes) to
reach the site. Certain types of construction materials may be unavail -
abl e or unduly expensive in sone areas, and special types of construc-
tion may be necessary because of local climtic conditions, as in the

arctic, or extrenely wet regions, or in regions subject to earthquakes.

4.1.8 Primary Power Limtations

4.1.8.1 Definite information on the availability of comercia
electric power will probably have to await the results of site surveys
Initially, it will be sufficient to determine from available reference
sources or contacts in the area of the proposed system whether or not
such power is likely to be available. [|f power for a site nust be pro-
vided by engine-generator sets, the problemof hauling fuel to the site
nust be considered, as well as the additional expense involved for
bui | dings, equipment, fuel storage and even operating personnel if the
equi pment cannot be automated. The principal power requirements for
LOS systems will come from heating and cooling demands since trans-

mtter power is usually quite |ow.

4.1.9 Frequency Spectrum Availability

4.1.9.1 The designer should work through the applicable Frequency
Al'location Ofice to determne what blocks of frequencies can be nade
available for the proposed system Despite the lack of specific informa-
tion on system paraneters and routing, it is inportant that early

contact be made with this office, since at least a prelininary comit-
ment must be available prior to the feasibility study. The designer
shoul d assenble as much information on the proposed system as
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possible prior to this initial contact, e. g., the geographical area

i nvol ved, approximte |ocations of termnals or installations to be
served, and probable RF power and bandwidth requirements. At |east
general information on the size of antennas and type of terninal

equi pment will probably also be available at this time. Further infor-
mation on the type of information generally required for frequency allocations
is given in paragraph 4.1.11.1, but the exact format for a particular case
should be obtained from the Frequency Allocation Oifice. For extensive
systens, nore than one nation may be involved in the frequency alloca-
tion negotiations. This can result in considerable delay in obtaining

the desired assignment, so it is very inportant that the system designer
work closely with the Frequency Allocation Office from the beginning

of the design effort.

4.1.10 Radi o Frequency Assignnent

4.1.10.1 Frequency assignments are made through negotiations wth
the frequency-controlling agencies of the countries where the systemis
to be installed. These negotiations are conducted by the Mlitary
Communi cat i ons- El ectronics Board (MCEB) of the Department of
Defense. In carrying out these negotiations, the MCEB utilizes the
services of portions of certain agencies established for this purpose:
the Frequency Allocation Panel, US. (FAPUS); the Frequency Divi-
sion of the Defense Conmunications System Directorate; the

Communi cations -Electronics Directorate of the Joint Chiefs of Staff
(J-6); and the Frequency Branches of the Communications-El ectronics
Divisions of the Unified Conmands. The system engineering function
in this process is to provide the necessary technical inputs for the
negoti ations.
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4.1.11 Application for Frequency Allocation

4.1.11.1 Table 4.1-1 contains a list of items usually specified in
applications for a frequency allocation. Each itemof the list that is
pertinent to LOS system planning should be included in the application
if known. (This information was adapted frompp. 4-172 to 4-175 of

[2]).

4.1.12 Enaineerina !nplementation Plan (EIP) Contents and Organization.

4.1.12.1 The EIP is a conpiled report of all factors that contribute
toward the devel opment of the microwave radio system fromthe
initial proposal to the final system acceptance. It is reconmended
that the EIP be started as soon as information on functional require-
ments and resource limtations become known, and will consist of
notes, letters, maps, tables, profiles and sketches, etc. The EIP will
be primarily an organization of known data, and its first use will
contribute toward the conpl eteness and insure the availability of infor-
mation necessary for the determ nations that rmust be made during the
feasibility study. It nust be conplete and its contents kept tinely,
since it will continually be used as a basis for decision and proposa
i npl enent ati on.

4.1.12.2 Al'l system design data that are devel oped and used for
deci si ons should be placed into the EIP. For purposes of determning
required content and organization, it is reconmrended that the EIP be
organi zed in accordance with the worksheets supplied in Chapter 6.
This organization separates the EIP material according to individua
sites and links. Because sone naterial is applicable to both sites and
| inks, appropriate cross referencing should be used. Material which

is applicable to the whole system such as system layout and frequency
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Table 4.1-1

Data for Frequency-Allocation Application

Item

Comments

Proposed Allocation

Frequency band

Enter the frequency limits between which it is technically
feasible to operate the equipment in performance of its
required function,

Function

Describe the function to be performed by the equipment as
specifically as possible; i.e., multi-channel communications.

Purpose and method of
operation

Describe the purpose and method of operation; i,e., to provide
within-the-horizon transmission by line-of-sight propagation.,

Geographical area

State geographical area or points of use actually required
under joint and service plans: Give geographical coordinates
or terminal locations where known,

Extent of use

A narrative statement describing the number of equipments

and/or systems normally utilized in a given area of operation.
The number is the number of terminals in the system. They
are to be operated continuously.

Degree of protection
required

List any special considerations with respect to interference
vulnerability, special features incorporated, or techniques
employed which make the equipment less susceptible to inter-
ference from other equipments. Give receiver tuned cavity
filter characteristics.

Target date for
operations

Indicate the date on which it is expected that operational use of
the equipment or system will occur.

Previous allocation and/
or equipment to be
changed or superseded

Identify the allocation and/or equipment affected and describe
the change or supersession,

Transmitter

M L- HDBK- 416
15 NOVEMBER 1977

Nornenclature of trans-
mitter of system

List joint nomenclature if available, i.e., AN/GRC-66, or
manufacturer's identification., If no nomenclature has been
assigned state '"NONE",
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Table 4.1-1 (Continued)
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No, Item Cormments

20 |Antenna a. Indicate type antenna, e.g., horn-feed with parabolic

reflector.

b, Indicate whether antenna is fixed, directional or scans
horizontally or vertically and rate of scan. For line-of-
sight, the antenna is usually fixed and directional,

c. State the antenna gain in dB relative to isotropic.

d. State the beamwidth, horizontal and vertical angles in
degrees at half-power points, e.g., horizontal 0. 7°,
vertical 0,7°,

21 [Status of development Indicate present status of proposed equipment or system,

22 |Target date for opera- Indicate target date of availability for operational use.

tional availability
Receiver

23 |Nomenclature List joint, manufacturer's, or other applicable nomenclature,
e.g., AN/GRC-66.

24 |Installation State whether installation is integral with transmitter, if not,
give installation data as fixed, portable, rnissile, etc. In DCS
line-of-sight, the receiver installation is usually integral with
the transmitter installation.

25 | Actual tuning range Indicate actual frequency range or specific frequencies over

and/or operating which receiver can operate successfully.
frequencies

26 |IF frequency Indicate frequency of "IF'" amplifier. [98], para. 32.25.4.4.4
states that the IF center frequency shall be 70 Miz

27 | Selectivity List the overall bandwidths of the receiver at 3, 20 and 60 dB

points on selectivity curve., Use Big = 2(pF + HBV. where w,Hm,
is the IF bandwidth, and usually identical to the radio
frequency bandwidth determined from figure 4.1-1 for the

3 dB points.
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pl ans, nust be separated according to individual categories. For
exanple, all discussions, letters, etc. , pertaining to the availability
of frequency spectrum would be placed in the system EIP under

“Frequency Pl anning. "

4.1.12.3 Original material should be placed in the EIP as soon as
it is available, and reproduced copies made for discussion or transfer
to other parties. This will soon become quite large, but the designer
is cautioned to save all contributing data and insure that they are
properly cataloged. It may also be desirable to prepare a smaller,
edited system plan that summarizes the design effort and gives only

those details which are of primary inportance

4.3.13 EIP Deadlines and Schedules .
4.1.13.1 Requi rements for the design of a systemwll usually

include one or nore deadlines for the conpletion of various tasks.
Deadlines will have to be considered when planning for procurenent of
construction materials, scheduling enploynent of personnel, and
establishing lead tine necessary for sub-contracting, equipnent pro-
curement, and related efforts. To insure that planning objectives are
realistic, a table of events for the project should be prepared and nmade
available for early review. This scheduling may be prepared using a
flow chart or a sinple scheduling chart such as the one shown on

table 4.1-2, which is based on one calendar year. Mre details

in scheduling will be required as the design progresses

4.1.14 Determne Basic Feasibility
4.1.14.1 During the design phase there are usually two times when

the feasibility of the proposed system may be evaluated. The first is
after conpletion of the survey of functional requirements and resource
limtations. Final feasibility evaluation should be made prior to
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actual site and equipment purchase. This is possible after detailed
studi es of expected system perfornmance based on field surveys where
necessary, and of accurate cost data for preparing each site. However,
the design engineer nust continuously verify that the linmtations
previously investigated with regard to resources do not inpose insur-

mount abl e barriers.

4.1.15 Review Requirements vs. Linitations
4.1.15.1 The engineer should review the information gathered to

insure its conpleteness so that appropriate authority may later view

and deternine the soundness of the system proposal. Based on i nforma-
tion received, there may be problens and questions requiring solutions
before a decision to continue or not can be made. The design engineer
nust al so be aware of available alternatives to the design plan. For
instance, if existing LOS links can be incorporated into the design
through upgrading and still fulfill the systemrequirenents, such a
recomrendati on should be made to the reviewing authority. Finally,

all data for use in determning feasibility should be duplicated for
dissemnation to insure that persons involved with the system keep

informed on the current status.
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Section 4.2 STUDY OF ROUTE ALTERNATI VES.
4.2.1 CGener al

4,2.1.1 If the prelimnary assessnent of the proposed nicrowave

systemindicates that its requirements mght be met within the limta-
tions inposed, a study should be started directed toward selection of
routes and sites.

4.2.1.2 This selection study requires the choosing of prelimnary
sites and routes. Drawing profiles and making rough estimates of
path |oss probability distributions for each Iink will help elimnate
potentially troublesome links. This information, along wth additiona
input such as neteorological data, propagation information from other
links in the inmmediate area, area radio interference data, etc., should
be evaluated to make a firmselection of primary and alternate routes
with their associated site locations. For additional information on the
organi zation of section 4.2, see figure 1-2

4.2.2 Sel ect Potential Sites

4.2.2.1 Site selection will initially be made considering the use of
avail abl e areas and choosing sites on the basis of information obtain-
able from topographic maps. Additional aspects of site choice such as
site function (termnal, branch, relay), accessibility and power avail-
ability must also be considered.

4.2.3 Eli m nate Non-available Areas

4.2.3.1 Information on real estate availability, gathered for the
feasibility study described in section 4.1, can now be used to elimn-
ate, or downgrade, some of the potential site locations. Political
security, and econom c considerations nmay elinmnate |arge areas from
consideration. On a system layout nap, these areas may be shaded
and |abeled to designate the reasons for elimnation from consideration
or the downgrading of their desirability, as site locations. Cbviously
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such designations allow attention to be systematically focused on sites
in areas of greatest potential.

4.2.4 otai n Best Available Mps

4.2.4.1 The maps obtained for site selection studies should be current.

O'ten maps which have been used on previous studies are out-of-date
and do not show such things as recent nman-nmade |akes, new construc-
tion, timber removal, road inprovenents, etc. Several map scal es
shoul d be obtained. Small maps showi ng the whole area are useful for
system planning and layout work, while maps showi ng greater detail
shoul d be used to plot site locations and provide data for path profiles.
4.2.4.2 In the prelimnary selection of routes and sites the path
profiles should be drawn using reliable contour nmaps. For areas wth-
in the US. these maps are available through the U S. Geol ogical
Survey and the U S. Coast and Ceodetic Survey. Additionally, naps
may be obtained through the Corps of Engineers, U S. Arny Mp
Service, US. Hydrographic Ofice, or the US. Forest Service. MNaps
of foreign areas are published by the US. Ar Force Aeronautical
Chart and Information Center and sold by the U S. Coast and Geodetic
Survey, or they may be obtained through the U S. Arny Map Service.
Foreign area maps may al so be requested through appropriate U.S.
Enmbassy sources, or purchased |ocally.

4.2.4.3 The maps made by sone nations do not use the prime neri-
dian that passes through G eenwich, England. Table 4.2-1 shows sone
of the other prine neridians which may be used. Due consideration
must be given to the difference between the G eenw ch prime meridian

and the one used on the map when |ocating sites.
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G eenwi ch |ongitude of foreign prime meridians
(Values used by Dept. of Geodesy, Army Map Service)

ACCept ed Longr tuge

Meri di an (Based on G eenwich Meridian)
Paris, France - - - - - - - -« - - - - - 2° 20" 13.95" E
Madrid, Spain - - - - - - - - - - - - - 3° 41' 14.55" W
Monte Mario, Rone, Italy - - - - - - 12° 27" 07.06" E
Sumatra, Netherlands East Indies - - - 103° 33" 27.79" E
Ferro, Canary Islands - - - - - - - - - 17° 39" 46" E
(17° 40" 00" E
used by Germans)
Amst erdam Netherlands - - - - - - - 4° 53" 05.45" E
Li sbon (observatory of
Castelo de S. Jorge), Portugal - - - - 9°07' 54.806" W
Naval Cbservatory at Cenoa, Italy - - - 8° 55' 15.929" E
Copenhagen, Denmark - - - - - - - - - 12° 34" 40.35" E
Athens, Geece - - - - - - - - - - - - 23° 42" 58. 5 E
Hel sinki, Finland - - - - - - - - - - 24° 57" 16.5" E
Pul kovo (near Leningrad), US. SR - - 30° 19" 38.49" E
San Fernando, Spain - - - - - - - - - 6° 12" 17.43" W
Si ngkawang, Borneo - - - - - - - - - - - 108° 59" 41" E
| stanbul, Turkey - - - - - - - - - - - 28° 58" 45.5" E

Table 4.2-1 Table of Prine Meridians

4.2.4.4 For prelimnary feasibility studies, a topographic map having
a scale of 1:250,000 should have sufficient detail, although the design
engi neer should use the best available maps when nore detailed analysis
is required. Wen requesting maps of the areas, the follow ng approx-
imte scales should be specified: 1:250,000, 1:50,000 and 1:25,000.

As site locations becone fixed, contour maps with larger scales, if
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avail abl e, should be requested for the site areas and critical portions
of the path. Additionally, these maps should show vegetation and nan-
made obj ects.

4.2.4.5 Useful information on an area may be obtained from aerial
phot ographs.  These photographs are normally current and show trees,
bui I dings, roads, etc. , in very good detail. There is no central office
from which reproductions of all aerial photography can be purchased;
however, froma status map supplied by the Map Information Office,

U S. Geological Survey, Washington, D. C. 20242, a determ nation
may be nmade of who holds the filmfor certain areas. |If it is a Federal
government agency, they may be contacted directly. If the filmis held
by a commercial firm contact the Map Information Office for the
procedures for obtaining copies.

4, 2.5 Prelinminary Site Selection

4, 2.5.1 Communication centers are specified in the infornmation
required for the initial feasibility study. A line-of-sight mcrowave
system usual ly has the conformation of a main-line trunk between
comuni cation centers with spur links to users along or off the nain
trunk. The locations of the large communication centers are usually
determined by factors unrelated to nicrowave system design, and the
final connection between the main-trunk mcrowave systemand a
communi cation center is also often made with a short spur link or

coaxi al cabl e.

4, 2.5.2 Radio termnal sites should, if possible, be located on

el evated ground close to the communication centers. This nmakes the
use of lower tower heights possible and allows, at the sane ting,
conveni ent connection to the switching facility interfacing with the mcro-

wave radi o system
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4.2.5.3 After radio terninal sites have been designated, potentia
branching sites are determined. In sone cases, a termnal may also
be a branching site. The branching sites particularly should be |ocated
on elevated ground since co-visibility will be required with three or
nore sites

4.2.5.4 Because of the high probability of continuous manpower
requirements at terminal and branching sites, the accessibility of each
site nmust be investigated and should include a survey of the availability,
or useful ness of present or planned roads, railroads, air, and/or

water transportation. Each type of accessibility will later require a
nore detailed investigation; such as, for roads: road surface, grade of
roadway, |oad and clearance linmts of bridges, and climte conditions
that night affect the road use. Wen a nunber of site choices are
avai | abl e, consideration should be given first to sites |ocated near

exi sting roadways and conmercial primry power.

4.2.5.5 The last sites to be selected are the repeater sites used to
receive and forward communi cations without change of their contents.
Repeaters may be either active or passive. These sites are sonetines
located in areas where transportation for logistic and maintenance
requirements nust be provided by means of helicopters or equipment
designed for deep snow transportation. Primary power for active
repeaters, in renote areas may be very costly, and is therefore an
inportant consideration in the selection of repeater sites

4.2.6 Sel ect Potential Routes

4.2.6.1 Having selected potential sites in a wide belt of terrain con-

necting the communication centers, a set of potential routes may be
chosen. Those sites considered exclusively as repeater sites should
be ignored for the most part during the initial route selections since

prelimnary selection will elimnate many routes

4-23



18 RO 1077

4.2.6.2 At frequencies above about 8 GHz, rain attenuation becomes
a serious problem and usable path lengths are quite short if severe
outages due to rain are to be avoided. Figure 4.2-1 (which will be

di scussed in nore detail in section 4.2.24) shows, as an exanple, that
the nomnal path length at 15 GHz should be restricted to about 4 kmin
areas where intense rainstorns are frequent (Zone 6) . Since storm
cells with heavy rain rates are relatively small in dianeter (on the
order of kiloneters), a systemof parallel routes about 5 to 10 km apart
provi des some protection against outages and permts |onger links on
the individual routes. However, the relative advantages of a route
diversity over a purely tandem system depend on several additiona
consi derations such as:

a. Phase interference fading is often related to path |ength.

b.  Locations where the routes bend or conbine are stil
vulnerable to the effects of stormcells.

c. Thereliability inmprovement is a function of the latera
separation of paths, d, but quantitative values have not
been wel| established. The ratio of allowable path
lengths for dual parallel diversity to that for tandem
paths will probably be 4 or larger in many areas for
frequenci es above 18 GHz and d,> 10 km (see [16];

p. 2960).

d. Because of the different nunber of individual Iinks
invol ved, frequency requirenents will differ.

e. Dual route diversity also provides equi pment redundancy
in addition to propagation reliability. Also, Iinks of an
individual route can be taken out of service for testing
or maintenance wthout disruption of service
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4.2.7 Choose Potential Relay Links

4,2.7.1 Nominal LGOS path length, d between various branch, term -
nal and repeater sites will vary with the climatological condition in any
particular area. Figure 4.2-1 is a graph show ng reconmended

nom nal path length as a function of frequency and the rain-rate zones
shown in figures 4.2-11 and 4.2-13. For d, <40 km the curves are
based on the probability of having rain attenuation fades exceeding 40
decibel s during less than 0.001 percent of the tine, and assumi ng that
t he maxi num average rain-rate wll occur sinultaneously over 10 kil o-
neters or the entire link, whichever is less. Thus, the values of d,
may be used as a guide for spacing repeaters so that a desirable grade
of service with an acceptable time availability can be maintained using
a normal range of RF power levels and antenna gains. For conditions
not covered in figure 4.2-1, a value of d of 40 km should be used. For
exanple, up to 8 Gz in zone 6, d = 40 km however, in zone 1,

d,= 40 kmmy be used up to 23 GHz. The limting 40 kmvalue of d,
s based on fading caused by nmechanisms other than rain attenuation.
The reliability required for backbone routes performng to DCA Stan-
dards mght be achieved with links 40 km or longer even in zone 6 if
route diversity is used.

4.2.8 Choose Direct Routes

4.2.8.1 Direct routes between branch sites and termnals wll general-
ly tend to minimze the nunber of active repeater stations between
termnals; however, repeater stations may be intentionally |ocated
along a zig-zag path to avoid self-interference within a systemin areas
where stratified air layers sonmetines guide radio waves wel |l beyond

the optical line-of-sight, and where frequencies nust be reused.
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4.2.9 Consi der Passive Repeaters

4,2.9.1 Passive repeaters are usually reflectors on hills adjacent to
a termnal. They are illumnated by an antenna on a short structure at
the termnal, and serve to provide the required terrain clearance where
this is not possible directly between termnals. They are also useful in
rough terrain where shorter paths are required to obtain the necessary
line-of-sight clearance, and can often replace an active repeater site
4.2.9.2 Passive repeaters offer many econonic and technical advan-
tages. Access problenms are less inportant for a passive repeater
site than for an active repeater site since no primry power source and
little, if any, maintenance is required. Capital investnent is also |ess
than for an active repeater but these savings may be partially countered
by increased power or antenna gain requirements at the active termnals
of the link. Primary advantages of passive repeater |inks are that
equi pment requiring maintenance and |ogistic support can often be
placed in valleys for easy access and flexibility of location, and the
angl e of penetration through the atnosphere to the passive repeater on
a nearby hill or nountain nmay be |arge enough to mininize nmultipath
fading (section 4.2.11).
4.2.9.3 Transnission loss for passive repeater paths wll be |owest
when one leg of the path is much shorter than the other. The loss in
deci bel s, L, between antenna terninals at the opposite ends of a link
using a passive repeater may be approximately calculated as the sum
of the basic free-space transmssion |oss values for the two |legs |ess
the sumof all antenna gains. The free-space loss, L,, is given by
[8] page 2-7

L,, =32.45+ 20 log f + 20 log d dB (4.2-1)

where d is in kmand f is in M. (see also section 4.2.21).
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Then,
L,=32.45+20log f + 20 log d,+ 32.45 + 20 log f

+ 20 log d,- G- G- 2GdB (4.2-2)

where G is the gain of the antenna at site 1, Gthe gain at site 2, and
Gis the gain of the aperture of the passive repeater projected perpen-
dicular to the propagation path. Al gains are in dB relative to an
isotropic radiator, and the distances d, and d,in kmare defined in
figure 4.2-2.

/— Passive repeater

Figure 4.2-2 Typical Passive Repeater Configuration

The formula for L ,may be rewitten as follows:

L, =649+ 40 log f + 20 log dd,- G- G- 2G. (4.2-3)

4.2.10 Consi der the Nunber of Sites
4.2.10.1 Routes where the nunber of required sites is substantially

greater than that for other plausible routes may be elimnated since the
additional sites decrease systemreliability and generally result in

i ncreased costs.

4.2.11 At mospheric Layer Penetration

4.2.11.1 A layer in the troposphere in which the atnospheric refraction

differs considerably fromthe refraction in adjacent |ayers may cause

sufficient bending of a radio beamto produce nultipath or phase inter-
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ference fading. This bending may be conparable to reflection when the
angle of incidence of the beamat such a layer is less than about 0.5°,
but at angles above 3° the effect is negligible. This angle of incidence

is sometinmes referred to as the penetration angle. Unfortunately,

condi tions conducive to atnospheric stratification often exist over flat
terrain where large penetration angles cannot be obtained without
excessively towers [3, page 61; 45, page 146]. Refractive structure of the

| ower atmosphere is discussed in detail in Section 4.4.6

4.2.11.2 1f the take-off-angle of the antenna beam at the |owest site
above nean sea level (msl) is positive, it is the smallest angle of
penetration along the path. [If the take-off-angle at the lowest site is
negative, the angle of penetration will be zero at some |ocation along
the path.

4.2.11.3 The take-off-angle, B,is the angle between a horizontal line
extending from the center of an antenna and a line extending from the
same point to the other termnal antenna

2

d
h, - = | - n
( 2a ) 1

0.0175 d

B ~ degrees (4.2-4)

where all distances and heights nust be in the same units.
h,is the height of the | owest antenna above nsl.
h,is the height of the other antenna.
d is the path Iength.
a is the effective earth radius

4.2.12 Select Prelimnary Routes

4.2.12.1 After careful study of topographic maps and considering the
other factors mentioned, the design engineer should choose a nunber
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of possible routes that warrant further investigation. A typical diffi-
culty is that links selected for mninum fading potential or tower
heights will involve locating the sites in a renote area. Low |evels of
man- made noise will also be obtained by locating sites in a renote
area; but this may result in poor site accessibility. Absolute guides
for selection cannot be given and the design engineer will have to weigh
the various considerations applicable to each path and nake his prelim
inary route selection on that basis.

4.2.13 Drawing Initial Terrain Profiles

4.2.13.1 Terrain profiles are prepared to verify that the selected
routes and sites are reasonable possibilities for LOS paths.

4.2.14 Map Scal e

4.4.14.1 Even though the nunber of site and route possibilities being
considered at this point in the route selection involves many paths, the
nost detailed maps available should be used for drawing the initial
path profiles. The quality and scale of maps for various areas will be
diverse; thus, uncertainty about sone paths with marginal clearance
may only be resolved by the field survey.

4.2.14.2 Mst large-scale and mediumscal e maps have, in addition
to longitude and latitude coordinates, a grid systemfor locating or
referencing points. This grid systemis identified as the Universal
Transverse Mercator (UTM grid and is designed for world use

bet ween 80 degrees south latitude and 84 degrees north latitude. A
detailed explanation of the UTMgrid and its application to nmilitary use
is given in [11] (pages 17 to 25); however, a brief general reviewis
presented here.

4.2.14.3 The nilitary grid reference consists of a group of letters
and numbers which indi cate (1) grid zone designation, (2) the 100,000
neter (100 km) square identification, and (3) the grid coordinates of the

poi nt expressed to the needed accuracy.
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4,2.14.4 The UTM grid divides the world into large, geographic
areas (6 degrees E-Why 8 degrees NS except that the region 72
degrees to 84 degrees N constitutes one area) which are designated as
the grid zones. The colums are nunbered 1 to 60 consecutively and
the rows identified by letters alphabetically C through X (I and O
omtted). The grid zone designation of any area is determned by first
reading the colum designation and then the row designation (see
figure 4.2-3).
4.2.14.5 Each grid zone is then divided into 100,000 m squares.
Each colum of squares is identified by a letter, as is each row of
squares. Starting at the 180 degree meridian and proceeding easterly
along the equator for 18 degrees, the 100,000 m col ums, including
partial colums along grid junctions, are lettered A through Z (omtting
the letters | and O, and are repeated at 18 degree intervals. The
100,000 mrows are lettered A through V (1 and O onmitted) from south
to north. This partial alphabet for rows is repeated every 2,000,000 m
Thus the identification of any 100,000 m square consists of two letters,
the first determned by reading horizontally and the second vertically.
4.2.14.6 The grid coordinates of a point within the grid square can be
expressed as precisely as desired, and are witten as one nunber
al ways containing an even nunber of digits. The first half of the total
nunber of digits are read horizontally and the second half of the digits
vertically. The measurement used with a grid systemis linear and the
unit of measure is usually the neter
4.2.14.7 Exanple of a point identification within a UM grid using a
mlitary reference

10S locates the grid zone designation

10SGF | ocates the 100,000 m square

10 SGF65 locates within 10,000 m square
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Figure 4.2-3 Grid Zone Desigunation for the World
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10SGF6558 | ocates within 1,000 m square
10SG-654576 | ocates within 100 m square
10SGF65415758 | ocates within 10 m square
4.2.15 Initial Path Profile Draw ngs
4.2.15.1 Correct site selection is based primarily on accurate path

profile determnations. These profiles normally show the |ongitudina
center of the radio beamand a cross-section of the terrain along a

m crowave path. For paths longer than 20 km profiles should be
plotted along the great circle path between sites. Hlls and ridges
near the great circle path must be taken into consideration, as well as
the terrain on the beamcenterline. Critical points along the profile
should be plotted using the highest point on the horizontal arc defined
by +0.5 degrees fromthe great circle path where the nearest site is
used as the vertex of the angle. Formulas for determning the great
circle path across maps are provided in section 4.2.16. A radio ray
in the vertical plane travels in a curved line which generally has a
radius of curvature greater than the true earth’s radi us because of
atmospheric refraction. Refractive effects can generally be expressed
as changes in the effective earth’s radius (see section 4.4.6 for addi-
tional information on effective earth’s radius). Also, the effective
earth’s radius concept [17] and its derivation is treated in detail in
Volune | of [8]. For the purpose of determning required terrain
clearance and antenna heights, the ratio k of the effective to the actua
(physical) earth radius (a,= 6370 km) is used. Useful values of k for
initial design assunptions are infinity (corresponding to ducting
conditions), 4/3 (corresponding to a “standard atnosphere”), 1 and 2/3
(corresponding to “sub-refractive” conditions which are very unfavor-

able for Iine-of-sight Iinks)

4-33



M L- HDBK- 416
15 NOVEMBER 1977

4.2.15.2 The relationships between the mcrowave radio path and the
el evation profile are conmonly presented by either of two methods

One nmethod is to prepare curvilinear graph sheets whose curvature
corresponds to the applicable k-factor. On this paper, the radio beam
axis is presented as a straight line. This nethod has often been used
in the past, but has disadvantages because of limtations in the choice
of scale and in the somewhat restricted choice of k-factors on generally
avail abl e graph sheets. Alternatively, special graph sheets nust be
prepared for each required value of k. The second nethod, particular-
'y recommended for LOS paths, is to plot the terrain elevations as a
function of path distance on linear graph paper. Here, any convenient
vertical and horizontal scales can be used, and the profile may usually
be plotted on 8-1/2 x 11 inch paper. For such a plot, a straight line
beam axi s represents an effective earth radius equal to “infinity”.

Beam axes representative of other k values can then be plotted as

curved lines with the points as displacements bel ow the Iine represent-
ing k = . These values of displacenent, h, are calculated using either

of the follow ng equations

dd,
h =17 75 & (4.2-5)
or
4,4,
h= —5— (4.2-6)
2a x 10~

where h is in neters, d,and d,are distances froma point along the
path to each termnal and are in kilometers, the effective earth’s

radius, a, is in kiloneters, and k is the non-dinensional effective
earth's radius factor. Figure 4.2-4 is a typical exanple of a profile
plotted using this nethod.

4.2.15.3 AIl maxinum el evation points on the profile should be care-
fully checked and synbols for trees or other vegetation used if the maps
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indicate their presence. Vegetation, unless very sparse, at nicro-
wave frequencies is alnost inpenetrable to radio frequency energy,
and shoul d be added to the profile elevations so that the top of the
vegetation can be used in evaluating terrain clearance. Simlarly, if

| arge buildings or clusters of man-nmade objects are present in the
path they should be drawn on the path profile at their actual height.
4.2.15.4 A line-of-sight path that clearly has no obstructions to the
radio beamis an excellent candidate for the system however, paths
having obstructions that make the path marginal (especially those for
k < 2/3) should not be disnmissed, but marked for further investigation
until other aspects of the systemare investigated. Marginal paths may
often be nmade |ine-of-sight by increase in tower height at one or both
ends of the path.

4.2.16 Plotting a Geat Circle Path

4.2.16.1 The spherical triangle used for the conputation of points on

a great circle path is identified on figure 4.2-5 as PAB. A and B are
the antenna terminals, and P the north or south pole. B is selected to
have a greater latitude than A, and P is in the same hem sphere. The
triangl e shown is for the northern henisphere but may readily be
inverted to apply to the southern hemisphere. B is any point along the
great circle path from A to B, and the triangle PAB' is the one actually
solved. The latitudes of the points are denoted by ¢, Pp and ¢pg
while Cand C are the differences in longitude between A and B and

A and B, respectively. Z and Z' are the corresponding great circle

path lengths. The following fornulas are practical for hand conputa-

tions as well as for digital computers. Equations 4.2-7 to 4.2-10 have

been taken from[1] (pp. 26-9 to 26-11).

4.2.16.2 The initial bearings or azimuth values (Xfromternminal A and Y from

termnal B) are neasured fromtrue north, and are calculated as follows:
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(pole corresponding to
hemisphere of B)

Figure 4.2-5 Spherical Triangle for Geat
Crcle Path Conputations
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$, - ¢ by té
tanY;X = cot %[(sin—B—z—é)/( A)] (4-2'7)
oY +X gl-/ ®g ¢A\/{Dm ¢B+¢Aﬂ (4.2-8)
tan 2 CcOot ZL\ 2 //\ 2 /_l
Y;X+Y;X =Y,andYZX-Y?:X=X- (4.2-9)

The great circle distance, Z (in degrees), is given by

7 Pp ~ 44 ( Y+X>/(. Y-X)
tan > = tan ————= sin — sin > .

4.2.16.3 To convert the angle Z obtained in degrees from(4.2-10) to

kiloneters of length, the following is used:

d, = 111.12 z°. (4.2-11)

k m

4.2.16.4 The follow ng fornulas show how to cal culate either the
latitude or the longitude of a point on the great circle path, when the
other coordinate is given. The given coordinates correspond to the
edges of detailed maps, and to intermediate points usually about 7.5
mnutes apart, SO that straight lines between points will adequately
approximate a great circle path.

4.2.16.5 For predonminantly east-west paths, calculate the latitude

dq for a given longitude difference C:
cos Y =sin Xsin C sin¢, - cos Xcos C (4.2-12)
= g ' 4,.2-13
C0S ¢, = SiN X cos ¢pl sin Y. ( )

4.2.16.6 For predom nantly north-south paths, calculate the |ongi-

tude difference C for a given latitude ¢4
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sin Y' = sin X cos ¢A/cos ¢B' (4.2-14)

~ , - o

| 1\ ]
cotc—zl r-X ,-\ cos )/ksm e J (4.2-15)

Where the bearing of a path is close to 45 degrees, either method may

be used.
4.2.17 Path C earance

4.2.17.1 When the atmosphere is sufficiently sub-refractive (large
positive values of the refractive index gradient), the ray paths will be
bent in such a way that the bulge of the earth, or specific terrain
features, appear to block the path between transmitter and receiver

In such cases, there is no longer a line-of-sight ray path, and energy
transfer between the terminals is by diffraction over the terrain. The
loss in signal under such conditions has been called diffraction fading.
It may be alleviated by installing antennas which are so high that even
the nost severe ray bending will not interpose obstacles to the direct
ray path.

4.2.17.2 Diffraction theory applicable to near |ine-of-sight analysis
indicates that the direct path between the transmtter and the receiver
needs a clearance above ground of at |east 60 percent of the radius of
the first Fresnel zone to approximte near free-space propagation
conditions. Making allowance for possible sub-refraction is usually
done by ensuring that the required clearance is maintained even when
the effective earth radius is reduced below its normal value. Radio
link designers in the United States and the United Kingdom often require
that 60 percent of the first Fresnel zone radius shall be clear of inter-
vening terrain even when the effective radius of the earth is reduced
to 4500 kiloneters (k = 0.7) [7] (pp. 115 and 116). \Wen statistics of

occurrence of sub-refractive conditions are known, it is possible to
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replace this “rule-of-thunb” by nore accurate procedures which take
into account the actual time distribution of sub-refractive gradients in
specific areas.
4.2.17.3 Path clearance near the antennas should be considered in
terms of three-dimensional beam clearance. A good nodel for the
beam vol ume near a termnal is a cylinder having a cross-section of
the sane shape and di nmensions as the antenna aperture. The antenna
and beam vol ume should generally be kept at a mininmum of three neters
above the ground at the site. This precaution should be taken to pre-
vent radiation hazards as well as to prevent beam bl ockage by people,
vehicles, security fences, etc.
4.2.18 Fresnel Zones

4,2.18.1 The Huygens-Fresnel wave theory states that the electro-
magnetic field at a point, S, (figure 4.2-6) is due to the sunmation of
the fields caused by reradiation from small incremental areas over a
closed surface about a point source, S, provided S is the only

primary source of radiation. The field at a constant distance, r, from
S,(a spherical surface) has the same phase over the entire surface

since the electromagnetic wave travel s at a constant speed in all
directions in free space. This constant phase surface is called a

wave front. If the distances, r,, fromvarious points on the wave front

to S,are considered, the contributions to the field at S,will be seen
to be made up of conponents that add vectorially in accordance with
their relative phase differences. \ere the various values of r,
differ by x/2 (half wavelength), the strongest cancellation occurs.
Fresnel zones distinguish between the areas on a closed surface about
S, which add and those which cancel

4.2.18.2 Consider a noving point, P, in the region about the terninal

antenna |ocations S and S,such that the sum of the distances r,and r,
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fromthe antennas to P is constant. Such a point will generate an

el lipsoid with S and S,as its foci. Now define a set of concentric

el lipsoidal shells so that the sumof the distances r, and r,differs by
nultiples of the half wavelength A/2. The intersection of these ellisoids
with any surface defines Fresnel zones on the surface. Thus, on the
surface of the wave front, a “first” Fresnel zone F,may be defined as
bounded by the intersection with the sumof the straight |ine segments
r.and r,equal to the distance d plus one-half wavel ength A»/2. The
second Fresnel zone, F, is defined by the region where r + r,is
greater than d + A/2 and less than d + 2(x/2). Thus, F, is the region
where r, + r,is greater than d + (n - 1) x/2 but less thand +n /2.
Fiel d conponents from even Fresnel zones tend to cancel those from
odd zones since the second, third, and fourth zones, etc., are approxi-
mately equal in area.

4.2.18.3 The concept of Fresnel zones is not meaningful for the “near
field” within short distances of practical antennas. A rule of thunb
for determning the mnimm distance, d, at which the zones becone
meani ngful is that d, be greater than 2027/)‘, where D is the maxinum
di mension of the antenna aperture in the same units of length as X.
4.2.18.4 A good approxi mate equation (valid for alnmost all mcrowave
applications) for the outside boundary of the nth Fresnel zone radius, R,
on a surface perpendicular to the propagation path is

dle
R = \lnx(d +d2) (4.2-16)

1

(n ( dl d2 )
R =~17.3 . (4.2-17)
n fou: V4119,

or

In the first equation all distances and the wavel ength X nust be in the
same units. A nust be small conpared to the distance and antenna heights

involved, and r+r,(from paragraph 4.2.18.2) should not be significantly
larger than d,+d,. In the second equation all distances are in kilometers,
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the frequency is in Gi and the Fresnel zone radius is in neters. |f

Ris the radius of the first Fresnel zone, then

R = R\[0 . (4.2-18)

Because the higher numbered zones tend to be self canceling, they are
not significant for many cal cul ations; however, consideration of the

hi gher order zones is helpful in understanding obstacle diffraction, or
the use of diffraction gratings as passive repeaters (see sect. 4.4. 39).
4.2.19 Terrain Reflections

4, 2.19.1 Potential reflection surfaces can often be identified by

exam nation of terrain profiles; also the blockage of reflected signals
by terrain obstacles may be evaluated in this manner. However, the
magni tude and other characteristics of terrain reflections may either
be specular (froma smooth surface) or scattered (froma rough sur-
face). A smooth surface is one for which the phase difference between
reflected conponent rays is small, resulting in an almost unperturbed
pl ane-wave being reflected. A rough surface inparts considerable
phase shift to the individual rays, resulting in partial interference

bet ween them which will produce an irregular scattering pattern.
4.2.19.2 The Rayleigh criterion is often used to deternine whether a
surface will produce a mainly scattered or a specular reflection. The
reflection is considered specular if

A ‘

o ——
32 sin ¢

(4.2-19)

where o is the standard deviation of the differences in height of the
surface, A s the wavelength and a is the angle of incidence. o and )
nust be in the same units

4, 2.19.3 Terrain roughness paraneters applicable to practical mcro-
wave links may vary greatly with tine and season; i. e. , ground
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reflection coefficients and roughness will vary with snow cover, air

hum dity and tenperature inmediately above the ground, and with the
period in the life cycle of ground cover vegetation. Effective “roughness”
of water surfaces will vary with wave height

4.2.19.4 A word of caution when considering Fresnel zones in connec-
tion with surface reflections: the Fresnel ellipsoids to be considered
are those concentric about the Iine between one antenna and the _imge
relative to the reflecting surface of the other antenna.

4.2.19.5 Reflections fromterrain should be avoided if at all possible
Useful techniques are selection of paths with maxinum terrain clear-
ance and use of narrow beam antennas, although extremely narrow

beans may cause fading by atnospheric defocusing. If terrain reflec-
tions cannot be avoided, the adverse effects can be greatly reduced
through the use of vertical space or frequency diversity. Mre detailed
analysis and information regarding reflections fromterrain may be

found in [41].

4.2.20 Initial Path Loss Estimates

4.2.20.1 Following ATT practices, “path loss” as used here is defined

as the ratio of the power supplied to the termnals of the transmtting
antenna to that available at the termnals of the receiving antenna.
Path | oss estimtes nust include consideration of the antenna beam
characteristics, not only in terms of the power gains, but also in

terms of the relations between the beam dinmensions and the path geom
etry. The antenna beamw dth ( the width at the hal f-power points)
defines the cross section of the radio path and therefore the amount of
terrain or atmosphere relevant to calculating or estimating path |oss.
4.2.20.2 Many types of propagation effects produce attenuation or
distortion of a radio signal; they include the physical phenonena of

di vergence, absorption, diffraction, reflection, and refraction. The
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attenuation or weakening’ of mcrowave signals over |ine-of-sight paths
can be classified in terms of constant and time-varying |osses (fading).
Understanding of these losses will contribute toward making reasonably
accurate path loss estimates.

4.2.20.3 Some conponents of path loss are relatively constant.
Exanples are those due to the divergence of radiation from an antenna
(which varies directly with the square of the distance), certain types of
at mospheric absorption, some types of terrain reflections, and beam
bl ockage near the antennas.

4,2.20.4 Tine-varying |losses include power fading and nultipath
fading (phase interference due to differences in conponent path del ays).
Wthin the classification of power fading are rain attenuation, water
vapor absorption, beam deflection away from the desired antenna
because of atnospheric reflection or refraction, and the terrain bl ock-
age associated with beam deflection caused by atmospheric refractivity
changes. Miltipath fading consists of phase interference between
signals arriving over nore than one path which are diffracted, reflected
or refracted by changing atnospheric effects over each path. An
important type of nultipath fading is the fading fromrain because of
appreci abl e doppler shift in the reflected signals which causes distor-
tion as well as attenuation of a broadband signal. The extent to which
a nodul ated signal can be degraded because of scattering fromrain is
unknown at this tine.

4.2.21 Free Space Basic Transnission Loss and Free Space Path

Loss

4.2.21.1 The loss due to the divergence of radiation froma point in
free space may be cal cul ated by using the mathematical nodel of

i sotropic antennas (antennas which radiate energy equally in all direc-
tions) separated by the path length and isolated in free space. The
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| oss between ternminals of such hypothetical antennas is called the free

space basic transm ssion |o0ss, Lbr and is expressed in decibels.

Lb = 92.45 + 20 log f., + 20 log d,dB (4.2-20)

This is the sane expression (4. 2-1) already given in section 4.2.9,
except that here the frequency f is in gigahertz. As before, dis the
path distance in kilometers. The solution to this equation is presented
graphically in figure 4. 2-7 for various frequencies and distance ranges
4.2.21.2 The free space path loss L,is defined here as the |oss
between the two antenna terminals in free space provided that the
antennas are |oss-free and properly inpedance-matched to the trans -
mtter and receiver, respectively. These conditions are normally net
in the case of well-designed microwave |ine-of-sight links. The free-
space path loss L, is obtained by subtracting the maxi num power
gains, Gand Gin dB, of the transmtting and receiving antennas

fromL,, the free space path |oss

Ly =Ly -G G, dB (4. 2-21)

The power gain of an antenna in a specified direction is 4m tinmes the
ratio of the power radiated per unit solid angle in that direction to the
net power accepted by the antenna fromits generator. A nore com
plete discussion of antenna gain is given in [ 18] (p. 19), and will be
presented in section 4.4.29.

4.2.22 At nospheric Absorption

4,2.22.1 The path |oss conponent caused by atnospheric absorption
primarily due to oxygen and water vapor, varies with air density,
tenperature and humidity. Since oxygen absorption |oss is dependent
only upon air density and path length, this loss is fairly stable as a
function of time. Water vapor absorption is nore variable with tine.
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The val ues of absorption for oxygen, y,, and water vapor, y,, are
shown in figure 4.2-8 in decibels per kiloneter as a function of fre-
quency.

4.2.22.2 For frequencies between 1 and 10 GHz, as estimte of

0.01 dB per kilonmeter path length is a reasonable allowance for the
total atmospheric absorption. Between 10 and 40 GHz the val ues of
figure 4.2-8 are added together and then nultiplied by the path Iength
to estimate the value of the average atnospheric absorption. For paths
located at high terrain elevations, or for paths with elevation angles
greater than 0.5 degrees, such an estimate will be slightly too |arge
For a first estimate, the values fromfigure 4. 2-8 will generally be
sufficient even though the losses will vary with humdity and air

density.

4.2.22.3 The upper limt of attenuation due to fluctuations in the water
vapor content of the air is approxi mtely one and one-half tines that
shown by the curve for y,. because the upper limt is based on higher
tenperatures and greater relative humdity. It should be remenbered
that conditions for maxi mum water vapor absorption will often coincide
with those producing additional attenuation because of rain

4.2.23 Attenuation Due to Precipitation

4.2.23.1 The attenuation of radio waves by suspended water droplets

and rain often exceeds the effects of conbined oxygen and water vapor
absorption. Water droplets in fog or rain will scatter radio waves in
all directions whether the drops are small conpared to the wavel ength
or conparable to the wavelength. In the latter case, raindrops trap
and absorb some of the radio wave energy; accordingly, rain attenua-
tion is nuch nore serious at mllimeter wavel engths (frequencies
above about 10 GHz) than at |ower frequencies.
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4.2.23.2 The attenuation effects of rain, while small in the |ower

m crowave region, become nore inportant at frequencies above 10

GHz. In Japan, for exanple, at 15.4 GHz, a uniformrain falling at

the rate of 100 nm hr has been observed to produce an excess attenua-
tion of about 7 dB/km [87]. In the United States, ove a 4,7 km path

at 14.4 GHz, as nuch as 48 dB attenuation was observed at a tine

when the average rainfall rate was 137 mmhr [19]. Also in the United
States, a uniformrain, falling at the rate of 100 mm hr was observed
to produce an excess attenuation of about 9 dB/km at 18 Gz [16].

Under these conditions, it is obviously inpossible to maintain transms-
sion over paths longer than a few kiloneters. However, recent investi-
gations have shown that the tenporal and spatial distributions of such
severe rain storms are highly restricted [16], and therefore parallel
paths a few km apart nmay provide an effective diversity inprovenent
(see paragraph 4.2.6.2). The excess attenuation caused by rainfall is the
controlling factor above 15 GHz; therefore, radio relay systems operat-
ing at these frequencies will have to enploy short hops if they are to
have a high degree of reliability (see figure 4.2-1).

4.2.23.3 Conventional diversity configurations, either vertical space

or frequency diversity, cannot be used to nininize the effects of rain
attenuation. Route diversity configuration may be used. Such nethods
of obtaining reliability above 10 GHz are expensive but are worthy of
consi deration

4.2.24 Estimating Rain Attenuation

4.2.24.1 To estimate time distributions of rain attenuation fading for

a path in a given area, it is necessary to know three things: one, the
attenuation per kiloneter as a function of rainfall rate (figure 4.2-9);
two, the time distribution of rainfall rates for the geographic area
(figure 4.2-10 together with 4.2-11); and three, the spatial distribution
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of rain rates. The information for figure 4.2-9 showi ng attenuation
per kilometer was obtained from[7] p. 179. The tine distributions of
rainfall rates and the zone map of the continental United States (figures
4.2-10 and 4.2-11) were conputed from statistics on maxi mum five
mnute rainfall rates expected once in two years [19].

4.2.24.2 In order to make the use of the information fromthese
figures nore convenient, time distributions in terms of attenuation per
kilometer (see figures 4.2-12a to c) have been prepared for each zone
(figure 4.2-11) fromthe rain rate- tinme distributions (figure 4.2-10)
and the graph of rain attenuation as a function of rain rates (figure
4.2-9). A rough estimate of the time distribution of rain attenuation
for a given path may be obtained by multiplying the length of the path,
or 10 kiloneters, whichever is less, by the ordinate values of attenua-
tion per unit of length. The 10 kilometer limt is based on estimtes
of average storm cell dianeters. These distributions will provide
one of the components in the estimation of fading depth when naking
initial path loss calculations

4.2.24.3 Figure 4.2-13 is a map of the world show ng rain zones

defined in a simlar manner as those used for the United States

(figure 4.2-11). It is not intended to provide the detail required for
design of systems in a particular locality; rather, it should be used as
a rough indicator of the general areas in which rain attenuation may be
a significant design consideration. For nost parts of the world,
precipitation rate data are either very limted or not available; this
rain zone map is based primarily on maxi mum one-hour rain data of
reference [21] but also includes information based on work presented
in[22 - 27]. Terrain effects are inportant considerations in the
interpretation of this map, particularly in the case of relatively smal

but nountainous islands. Note, for exanple, that Hawaii is identified
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by zones 3 - 6. Slopes exposed to the prevailing (trade) winds may
have very heavy average rainfall while areas on the |ee side of the
islands may be quite dry. Simlar climatic nodifications also occur
on the larger land masses, i. e. , when noist winds are lifted by a
mountain chain, the windward slopes tend to have heavier precipitation
than the lee side. Also, in nountainous regions precipitation tends to
increase with altitude [31]. An increase in precipitation probability
in Colorado averaging nearly five percent per 1000 feet elevation gain
(during July and August) was reported in [32].

4.2.24.4 Rainfall attenuation estimates for regions outside the United
States shoul d, whenever possible, be based upon rainfall rate or
attenuation data available from ETAC (USAF Environnental Technica
Application Center) or foreign meteorol ogical services and radio
propagation |aboratories. The rainfall zone information shown in

figure 4.2-13 in conjunction with the attenuation curves for the United
States (figure 4. 2-11) will provide only rough estimates.

4.2.25 At mospheric Refraction

4.2.25.1 Changes in atnospheric refraction sometimes cause severe
fading on line-of-sight mcrowave radio links. For detailed information
on this topic, see section 4.4.6. The gross behavior of the variation
in transmission loss for many paths is explained by means of two
relatively basic propagation mechanisms: refraction associated with

the time-varying vertical gradient of refractive index and the fornma-
tion of phase-interference patterns because of diffraction and reflection
by the earth's surface and atnmospheric refractive index discontinuities.
Refraction can al so cause fading when extreme conditions cause the

ray to arrive at an angle off the main-beamaxis of the receiving
antenna (par. 4.2.25.3).
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4.2.25.2 Measurements of the vertical refractive-index gradient in
the lower layers of the atnosphere show that the range of values is
extrenely large. The following statenent is taken from [7], page 115
“In the United States, at Cape Kennedy, Florida, the vertical gradient
was neasured in the first 100 neters near the surface of the earth

It was found to vary between +230 N units/km which was exceeded
0.05 percent of the time, and -370 N units/km which was exceeded
during 99.9 percent of the tine, which corresponds to k values of
0.4 and -0.7 respectively. " These variations are typical for nost
parts of the world but the very extreme values need not always be

al lowed for in system design because of their limted extent in time
and space. For nost parts of the world gradient variations between
+70 and -140 N units/km (corresponding to O 7 < k< 10) are nore
typical.

4.2.25.3 Variation of atmospheric refraction can cause changes in
the apparent angle-of-arrival of the line-of-sight ray particularly in
the vertical plane, and can therefore cause effectively a reduction in
gain in the antennas used at the radio path termnals. Measurenents
made in the United States over a path of 28 kiloneters, at frequencies
of 4 and 24 GHz, show that the angle-of-arrival can change rapidly by
as nuch as 0.75 degrees above and bel ow the normal |ine of sight

[7], page 117. The angle-of-arrival variation in the horizontal

plane is usually nuch less, being of the order of 0.1 degrees
Measurements in other parts of the world show |ess variation, but
generally the variations becone larger as the climate becomes hotter
and nore hum d. Because of the vertical variations in angle-of-
arrival, antennas having hal f-power beamwi dths |ess than 0.5 degrees
shoul d generally be avoided for line-of-sight paths. This linitation

can be used as one criterion to determ ne maxi mum aperture size for
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antennas and the maxi num vertical dinension for passive repeaters
(fig. 4.4-33). Note that the dinmensions for antennas are given in feet
because of the nominal values generally available from U S
manuf act urers.

4.2.26 Mil ti path Fading

4.2.26.1 Miltipath effects occur in two forms: reflection from the
ground or water surfaces, and refraction or reflection by inhomogenei -
ties in the atnosphere.

4.2.26.2 Under some circumstances, the direct ray will be interfered
with by the ground-reflected ray or other nultipath rays. The nost
severe fading occurs when there are two effective conponents of the
sane order of magnitude varying in their relative phase. Measure-
nments nmade in the United States show that as many as six significant
conmponents may exist at one time [84].

4.2.26.3 Miltipath propagation measurenents carried out in Japan
[85] show that nost of the deep fades are caused by destructive inter-
ference between two dom nant rays and that the path-length difference
bet ween these rays varies to a considerable extent frompath to path.
Maxi num path length differences on the order of many wavel engths

can be observed on oversea as well as on overland paths

4.2.26.4 Very severe fading can occur on over-water paths when the
point of specular reflection falls on the water. If such a path cannot be
avoi ded, height or frequency diversity may be used to reduce the
severity of the fading. Alternatively, fading can be reduced consider-
ably if the geometrical point of reflection on the water is screened
fromone or the other of the termnals by the terrain (even if sonme of
the surface of the water is still visible fromboth termnals). However
experience on one over- water path 80 kiloneters |ong showed that it

was very difficult to achieve transmssion of conplex signals, such as
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color television, if the water surface was not conpletely invisible from
at |east one ternmnal [86].

4.2.26.5 Under normal conditions and over noderately rough sea or
irregular terrain, one expects a portion of the ground-reflected wave

to be scattered out of the propagation path. However, when the atnos-
phere is super-refractive and the surface appears concave, the
reflected wave is enchanced by the convergence of the associated rays
4.2.26.6 In addition, experinents in Germany have reveal ed that

total reflection can occur in an atnospheric |ayer near the ground,

this layer being connected nostly with mist or ground fog experienced
over moist river valleys or noors [88]. Some earlier work carried

out in The United Kingdom al so shows correlation between fading and
ground fog [89].

4.2.26.7 The frequency of occurrence and observation of nultipath
fading caused by layering in the atnosphere is related to the variation
of the structure of refractive index with time; i. e. , the worst propaga-
tion conditions are likely to occur during periods of extreme stratifica-
tion of the atnosphere. On overland paths and in tenperate climates,
such conditions normally exist during the night and early norning hours
of summer days. Reflections fromrapid changes of the refractive
index within a height range of several tens of nmeters above the surface
of the earth can be a source of nultipath propagation

4.2.26.8 For designing radio relay systems conformng to DCA
Standards it is often necessary to predict the probability of outages due
to deep fades for very small percentages of the time (i. e. , on the
order of 0.01 percent for an average hop of about 50 kiloneters). If
dual vertical space diversity or dual frequency diversity is used and
fades on the two sets of equipnent are not well correlated, prediction
of the probability of the fade depth nmust be made for approximtely
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0.01 percent of the time. Although diversity aids in preventing outages
caused by interference fading, outage time cannot be directly equated
to depth and frequency of fading of the conbined signal because nulti-
path causes distortion as well as attenuation. The fading depth
exceeded for a small percent of the time increases with path length and
increases slightly with frequency. Miltipath fading is also a function
of the terrain near the path, the atnospheric conditions, and the angle
of penetration through the atnmosphere.

4.2.26.9 Fades due to non-linear refractive index gradients (stratified
at mospheric layers) are usually also of the nulti path, phase inter-
ference type, and can occur even when there are no reflections from
terrain. A conmbination of ray paths caused by both ground and atnos-
pheric layer reflections can produce very severe fading. Non-linear
refractive index gradients are most likely to occur during the night,
with light winds, clear skies, and high humdity near the surface

4,2.27 Estimating Miltipath Fading

4.2.27.1 An enpirical formula based on the work by Barnett [83] and quoted
in[4; see p. 119] can be used to estimate the percentage of tine within a
year, Pnf, that fades exceed a specified depth below free space for a given
path and frequency, This fornula applies to paths within the United States,
and does not specifically consider beam penetration angle through the

at mosphere or the beam clearance of terrain:

Pri= axbx 6.0 X 10°X f x d°x 10"/ 10% (4.2-22)
where -
4 . for very smooth terrain, including overwater
E { - for average terrain, with some roughness

gt - for mountainous, very rough or very dry terrain

1/2 : gulf coast or similar hot, humid areas
b= 1/4 : normal interimtenperate or northern climte
1/8 :  nmoutainous or very dry climate
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f= frequency in GHz
d= path length in km
M= fading depth exceeded bel ow free= space level, in dB

Note that for performance calculations as outline in section 4.5 the
| ongterm nedian level Pr(0.5) should be used as a reference |eve

instead of the free-space |evel

4.2.27.2 The above fornula has been checked by neasurenents In the
4, 6, and Il GHz bands [83]. A sinilar type fornula is provided in
[7], p. 119, based on neasurenments made in Japan.

4.2.28 Conbi ning Path Loss Contributions and G ading Paths

4.2.28.1 For the initial conparative evaluation and '’ grading” of

potential links, only mninumtower heights should be used, which are
sufficient for clearing local obstacles such as tree or buildings. In
this manner, all potential paths can be conpared on a conmon basis.
Paths with insufficient clearance should be rejected outright unless no
better paths are available.

4.2.28.2 For each path, those path |oss contributions in decibels
shoul d be added up which are relatively constant with tine. These are

the free-space loss La(see section 4.2.21) and the average oxygen
absorption from section 4.2.22. Alowances for nultipath and other

fading conditions may also vary between potential links of a system

and these will be discussed in the following sections. In general,
conditions favorable for the formation of heavy rain showers tend to
mx the lower atmosphere and elimnate nultipath fading, particularly
on short links which will normally be used at frequencies above 15 GHz.
However, on very long LOCS links, the sinultaneous occurrence of
fading due to multipath and rain is more likely. Resulting total path

| oss val ues are then conpared and those paths with the | owest val ues
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are selected unless other considerations apply. For paths over 10 km
long, the largest estimate for water vapor absorption should be added
to the distribution for rain attenuation |oss because these |osses are
likely to occur at the same tine.

4.2.29 Fadi ng Estimates for Long LOS Links

4.2.29.1 It may be necessary at times to design long |ine-of-sight

li nks because of inaccessible or otherw se unusable terrain (for relays),
or systens extending over large bodies of water. |In order to achieve
|ine-of -sight conditions over paths as long as 200 km terminals nust
be located on nountain tops. For such paths, atnmospheric and terrain
characteristics at and near md-path is usually very critical since the
cl earance between the ray path and the terrain is at a mninum and
al so because the angle of penetration between the ray path and the

at mospheric layers is small. Particularly if the mdpath region is over
water or broad river valleys, small penetration angles in conjunction
with atnospheric stratification can produce severe fading which is
sonetimes quite prolonged (hours or days) because of defocusing of the
energy, or trapping of energy in surface or elevated ducts so that the
desired termnal cannot be reached.

4.2.29.2 Athough the literature contains may qualitative statenents
regarding fading on long LOS links, few specific recomendations for
design exist. In general, recomendations call for greatest possible
terrain clearance at any point of the path, particularly for over-water
links, since strongest s gratification exists usually near the surface. A
m ni mum cl earance of 50 m between the ray path and the terrain is
recommended [4] p. 52. However, this is an arbitrary figure, and
woul d not necessarily apply to any type of terrain and to all atnos-

pheric conditions.
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4.2.29.3 For frequencies between 2 and 7 GHz, sone quantitative
information has been derived in [3] (p. 63) for long paths. Three cate-
gories of fading are described (A, B, and C), and curves of expected
fading depths versus path distance are shown in figure 4.2-14 for
0.1 percent and 1 percent of the time during the nonth with nost
severe fading

Curve A - type-Afading relates to hops with “favorable” fading
characteristics:
rare occurrence of atnospheric stratification;
rare occurrence of cal m weather;
above hilly country, but not above wide river valleys and
inland | akes;
in high nountainous country, wth radio paths high above the
val | eys;
for hops between points in a plain or a valley and mountain
tops where the angle of elevation relative to the horizon-
tal plane exceeds approximately 0.5° for the |ower
station;
Curve B - type-B fading relates to hops with “normal” fading charac-
teristic:
above flat country if stratification is formed only occasionally;
above hilly country, but not above wide river valleys and
inland |akes;
in coastal areas with nmoderate tenperatures but not over
the sea;
for hops with a steep angle of elevation also in hot and tropi-
cal regions;
Curve C - type-Cfading relates to hops with “unfavorable” fading
characteristics:
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above humd areas where ground mist is apt to form and
especially to hops with a flat path above flat ground; for
exanple, wide river valleys, noors
near the coast in hot regions and, generally, in tropica
regions, to hops not operating with a large angle of
el evation over-water |inks.
4.2.29.4 The information in figure 4.2- 14 is provided to estimte fad-
ing depths that are exceeded for small percentages of tinme for paths up
to 150 km and is based on information in [3]. Since much of this fading
is due to nultipath, the outage time represented by the fading depths in
figure 4.2-14 can be reduced using either frequency or space diversity.
4.2.30 Addi tional Route Considerations
4.2.30.1 After grading potential links and making conparisons on the

basis of profiles and path loss distributions, certain sets of these |inks
will formroutes which will appear good choices for further evaluation.
Additional factors that nust be considered and wei ghed carefully for
their contribution in system performance are (1) localized neteorol ogi-
cal conditions and detailed path clearance conditions, both present and
future, (2) possible tower height and construction restrictions, (3)
potential radio interference, and (4) security requirenents in the area.
4.2.31 Met eor ol ogi cal and Cimatol ogi cal Data

4.2.31.1 The climate of the area may suggest potential difficulty in
site accessibility. Asan exanple, the average and maxi num snow
depth in the area should be determined from climatol ogical records
Note that there is a difference between snow depth and snowfall, the
latter referring to the accunulated total if no melting or settling
(packing) has occurred. There may be large differences in snow depths
observed at a valley station and on an adjacent high ridge. Local

farmers, ranchers, and forestry officials are good sources of
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information to supplement official weather service records. |f deep
snow accumul ations at a site are infrequent, they may only rarely
conplicate operations or maintenance work at the site; but if snow
normal |y accunulates to depths of several feet or nore, specia
vehicles may be required for naintenance crews, and sone allowances
may have to be made in the placenent of antennas and reflectors.

Effects of snow | oads on buil dings should al so be considered, and snow
pack in front of an antenna can cause undesirable reflections and
effectively reduce ground clearances.

4.2.31.2 In relatively flat country access problens nay also arise
because of rainfall, and good site drainage should be provided in the
design. The site may become marshy or surrounded by water in sone
seasons. Consider possible effects of seasonal changes in the foliage
of trees, and make necessary allowances for growth which may obstruct
the radio path after several years.

4.2.31.3 Statistics on seasonal variations of maxi mum and nini mum
tenperatures, humidity, and degree (heating) days forma basis for
estimating required oil or gas storage space (for heating), as well as
the need for air conditioning and dehunidifying. \en air is cooled the
relative humdity increases and vice versa, thus in polar regions rela-
tive humdity may drop to less than 5 percent when the normally dry
outside air is heated and this can cause personnel disconfort and
increase fire hazards.

4.2.31.4 The maxinum wi nds to be expected should be determ ned for
each site, rather than nonthly or annual averages. Short-period peak
gusts must be considered in the design of antennas and supporting
structures. Wnd speeds on isolated high hills or mountain peaks tend

to be much higher than at sites on nearby plains, and high winds are
also to be expected at |ee-side valley and foothills sites near najor

mountain barriers.
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4.2.31.5 An inportant factor to be considered in the design of anten-
nas and towers is the possibility of ice storms (freezing rain), particu-
larly if the peak ice |oad occurs during high winds. Extra bracing and
additional guys may be required and heated radomes nust be used.
4.2.31.6 Paths along or near the shore of seas or large |akes, or
which cross large river valleys, are likely to have nore propagation
probl ems than paths farther inland or overland. Land and sea (or |ake)
breezes can produce strong tenperature and humidity contrasts near the
shoreline that can result in the fading problens described earlier. Air
drainage effects and noisture concentrations in valleys can simlarly
lead to extreme variability in refractivity gradients which may result

in undesirable propagation effects. Large irrigated areas in dry regions
are also likely to have nore extreme refractivity gradients than woul d
ordinarily be expected in such a climte, because of the localized

noi sture contrasts which develop over and near irrigated areas [28].
4.2.31.7 The nost extrene refractivity gradients occur when there is
a relatively sharp interface between noist and dry layers of air. This
condition, which is common in the trade wind pressure areas, forns a
“ cap” on the noist layer near the surface (over the ocean, or over
seni-tropical land areas). Large noisture contrasts also occur where
desert regions are adjacent to the sea. Similar contrasts may occur
along weather fronts. The restriction on vertical mixing of the atnos-
phere caused by inversions of tenmperature favors the formation of
strong refractivity gradients, and is the major reason that fading

probl ems on overland paths tend to occur at night or in early norning.
4.2.31.8 Depending upon the frequency to be used on the proposed radio
path, consider the effects of water vapor, clouds, fog, rain, and snow.
Usual |y attenuation fromthese sources is not a limting factor in path

design bel ow about 6 GHz, but at higher frequencies, paths may have to
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be shortened to obtain the desired overall reliability in areas of heavy
s hewer - type rainfall. Attenuation from precipitation is related to the
instantaneous intensity or rainfall rate, rather than total anounts, and
statistics of nmonthly or annual precipitation totals are of little value in
estimating the probable maximum attenuation. Rainfall intensity
statistics are generally very linited, but useful information on the
precipitation attenuation problemis contained in a nunber of publica-
tions [20, 29, 30, 4, and 19]. These data have been used as a basis
for the attenuation estinates reflected in the earlier discussions (see
figures 4.2-1 and 4.2-10 through 4.2-13).

4.2.32 Tower Hei ght

4, 2.32.1 Self-supporting towers should be used except in a few rare
cases of extreme heights. Tower construction is inportant for |ink
design and route selection, since requirements for terrain clearance
determ ne needed tower heights. As already noted in section 4.2.15
adequate tower heights for a link nay be deternmined by plotting the
beam path for k = 2/3 and superinposing this path on the terrain pro-
file such that O 6 first-Fresnel-zone clearance is achieved over the
terrain object causing the greatest blockage. Generally, if the obstacle
is near mdpath, this fit should be made so that tower heights at each
end of the path are equal. Note that if the obstacle is not in the center
a small elevation change at the site nearer the obstacle will have the
same effect as a larger elevation change at the other end. Additiona

i mportant questions to be considered are the type of tower that would
be allowed at the site, possible hazards to aircraft, sufficient space
soil conditions suitable for support of the required tower, and the wnd
and ice loading conditions. For additional considerations, see section

4.4.4,
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4.2.32.2 Except for over-water paths, a trade-off can often be con-
sidered between high towers on a long path and an additional active or
passive repeater site. This may also require inputs fromthe field
survey.
4.2.33 Radio Interference
4.2.33.1 Interference from unwanted signals may be classified as

either external (from other systems or sources) or self-interference
(within the system). The latter type can be controlled by good planning
and equi pment design, including route layout, since it is caused by
equi pnent conponents within the proposed systerm or overreach from
adj acent or remote links due to unusual refractive index gradients.
External interference (interference from other radio spectrum users)

i's most economically controlled in the planning stage by utilizing
distance or terrain blockage for attenuating unwanted signals if their
sources are known. Route selection is the nost powerful tool for avoid-
ing interference but frequency band selection may also be considered
if there is a choice

4,2.33.2 OQverreach is self-interference caused by signals on the sane
frequency reaching one link from another in the same system The
scarcity of available spectrum space requires that an allocated fre-
quency be used several tines within one LOS system If a ducting
condition is present, links using the same frequency may be subject to
nutual interference unless a conbination of factors is sufficient to
provide isolation between affected sites. Three of these factors are
(1) the way the links along the route are staggered [4] (p. 21); (2) ter-
rain bl ockage; and (3) choice of path orientation with antenna discrim
ination in the direction of the unwanted signal

4,2.33.3 External interference, between 1 and 40 GHz, nay cone

from any of several man-made sources such as harmonics from
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transmtters below 1 GHz, radar stations, or existing nicrowave conmunication
systens. The tools for overcoming external interference are link orientation
di stance, terrain blockage, antenna characteristics and polarization discrinn-
ation, bandpass filters, and inter-organization consulting and cooperation.
Possi bl e sources of ummanted signals within 100 kilometers of each proposed
site should be located and plotted on a map. The unwanted signals should then
be investigated for potential interfering fundamental frequencies and harmonics,
transmtter power, and antenna gain and polarization in the direction of the Pro
posed site. Care nust also be exercised to assure that the proposed systemw ||
not interfere with existing radio facilities. In this regard, main beaminter-
sections with satellite earth stations nust also be avoided.

4.2.33.4 To ascertain the anbient RF environnent, desk studies on el ectromagnetic
conpatibility (EMC) nust be performed before firmsite selection. These are
requested throug command channels to the appropriate agency, having responsibility
for the service-wide EMC program  Electromagnetic radiation field survey can be
recommended by this EMC agency and shoul d aLmost always be conducted for major
comuni cations terminals and for termnals reconmended as a result of the desk
study. Independently or perferably in conjunction with a field study, a theore-
tical analysis by a center such as the DOD El ectromagnetic Conpatibility Analysis
Center (ECAC), can provide valuable insight to the desirability of potential sites.
Usual Iy the responsible EMC agency personnel will make the arrangements to
attain the ECAC assistance.

4.2.34 Site Security

4.2.34.1 In selecting routes, potential sites nust be examined to determne how
secure they can be made from theft, vandalism conflict, or natural phenomena.
In isolated areas, the cost of providing guard personnel and supporting facilities
nust be considered. Susceptibility to natural disaster may also be a major factor
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for overall reliability estimates. Natural phenonena which may cause outage are
extremely high winds, icing conditions, flooding, and earthquakes.

4.2.35 Select Primary and Alternate Routes

4.2.35.1 On the basis of the information which has been gathered, tradeoff
studies nust be made between some individual sites, and al so between sone
sections of the potential route to determine a primary and an alternate route

A few good alternate sites along these routes should also be selected for

further investigation. Each site along the route will have to be visted and

the results of the site survey further considered prior to making a fina
determnation on the system route.

4.2.35.2 At this stage, the design worksheets and documents shoul d be revi ewed
by additional qualified personnel in order to decrease the possibility of
omtting inportant details. Al information gathered so far should be carefully
categorized and retained for future reference. Information on primary and
alternate route should be included in the engineering inplementation plan.

4.2.36 Path Loss Measurenents

4.2.36.1 Long paths which nust be used for the primary or alternate routes and
whose profiles indicate a potential for severe fading because of terrain
reflections or very small angles of atmospheric penetration should be considered
for possible path |oss neasurements. A particular path may appear to be nmargina
and yet be essential to conplete and otherw se desirable route. In this event,
consi deration should be given to making path |oss measurements over a limted
time period. It nust not be forgotten that path testing is expensive, so is any
alternative; the difference in cost between path testing and an acceptable
alternative is the criterion. Furthernore, the ultimate cost of not testing a
path, while not always obvious, can be very high, because it is expensive to

correct poor or unworkable paths. These factors, possible alternatives,
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engineering judgnent, and the excercise or conmon sense should enable the
designer to nmake a decision on requirenments for tests.

4.2.36.2 ojectives of path loss testing are generally to confirm the
workability of the microwave path before installing permant towers. These will
be further discussed in section 4.3.17. Because of the the reguired to
prepare equi pment and personnel for these measurenents, and the early need

of the results, the necessity of making path |oss neasurenents should be
determined as soon as possible. In making this decision, the cost, manpower
requirements, possible alternatives, and the time factor nust be considered in
their relation to the desired reliability and transmssion quality of the
proposed system These factors nust then be bal anced against the difference
in cost between propagation tests and possible substitutes. |f measurenents

are required, permssion to operate a transmtter on the test frequency in that
area should al so be requested.

4.2.36.3 Two principal causes of system degradation are blocking of the radio
beam because of inaduate terrain clearance, and signal cancellation or

fading because of ground reflections. The presence or absence of bl ocking can
be ascertained by obtaining accurate path profiles fromthe maps or by using
one of the alternatives that will be discussed in section 4.3.16. It is not

al ways easy to evaluate the possibility of ground reflections and their
effects on certain paths, but is even nore risky to discount the possibility

of reflections. This will also be discussed further in section 4.3.17
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Section 4.3 FIELD SURVEY
4.3.1 CGenera

fromthe map studies outlined in Chapter 4.2 should be checked by a
field survey, and in sone cases path loss tests may be helpful in
verifying the basis for initial performance estimates. If the best avail-
able maps are several years old, there may be recent man-nade
obstructions or tree growh that can materially alter critical path
clearances; and the nost detailed topographic maps do not supply al

the information needed for the final system design

4.3.1.2 The field survey will require appropriate liaison with area
commanders and/or local officials, property owners, and representa-
tives of host countries. These negotiations should be started as soon
as the prelimnary selection of sites has been conpleted, so that per-
mssion to visit and work on the sites will be available to the survey
team at the earliest possible date.

4.3.1.3 The procedures to be followed in the field and the schedul ing
of the surveys should be established in advance. Since no two paths or
systens are quite the same, requirenents are likely to vary from one
design effort to the next. A satisfactory procedure in one country or
climte may be unsuited to another area, and tine available for design
and inplenentation of the systemis also an inportant factor. Usually,
two surveys will be made, but in sone cases, it may be necessary or
desirable to performall survey tasks on the same field trip

4.3.1.4 The Defense Conmunications Agency (DCA) has published a
“site survey data book for conmunications facilities” (DCA Crcul ar
370-160-3,[105]). It is recommended that the survey party be
famliar with this document.
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4.3.2 Pl anning The Field Survey

4.3.2.1 A successful field survey requires careful planning, and the
survey party should study the available data on each site and path before
going into the field. Check lists should be prepared for each site and
path, outlining the specific information needed in the final stages of the
system design. Duplicate copies of system maps and path profiles
shoul d be obtained, as well as copies of topographic maps, county

road maps, and information on the location of benchmarks. The |oca-
tion of the radio paths and critical points should be carefully plotted on
all maps to be used in the field, and tie points established between the
various maps (e. g. , between topographic and county road maps). The
survey team should also make inquiry as to the availability of recent
aerial photographs of the area to be surveyed. The |ocation of points
on the radio path when in rough, heavily forested, or undevel oped areas
can be very difficult, and the nore information available to the survey
team the better the possibility of an efficient and accurate survey.
4,3.2.2 Equipnent required for the survey, such as altineters,
theodolites, radios, steel tapes, etc. should be exanined and tested
wel | in advance of each survey trip, and the use of equi pment check
lists is strongly recommended. Both delay of the project and persona
embarrassment can result if, for exanple, one unpacks the theodolite
at Site “X" and then discovers that the tripod is back at the home
station.

4.3.2.3 Transportation and personnel requirements will vary wth
the type of area, time linitations, and the precision” of the survey.

For exanple, helicopters may be required to reach certain obstacles

i naccessible by road or trail. The party chief should have experience
in mcrowave design and be famliar with the problens which may have
been encountered in the prelininary design work on the specific
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system The initial survey will require only a general know edge of
surveying principles, but the final (geodetic) site surveys nust be

made by well-trained and experienced surveyors.

4.3.2.4 On foreign surveys, the survey party should be provided
with a contact who can provide themwith descriptions of survey control
mar kers, geodetic and/or local grid positions and/or elevations and
accuracy of locally available topographic maps. It will be necessary to
obtain clearances for U S Nationals (MLDEP) to perform surveys,
and, if possible, arrangements should be nade to have a l|ocal bilingual
surveyor assist with the survey, at least to the extent of providing
necessary liaison with property owners and assisting in location of
control points. Cearance should al so be obtained for use of electronic
di stance measuring equi pment (such as the Electrotype and Geodineter)
and any communications equi pnent the team may plan to use.

4.3.2.5 The climate of the system area nmust be considered in |ong-
range planning for field surveys. Very wet or snow covered ground
adds to the difficulty of the survey, e. g. , benchmarks and |ow refer-
ence points may be hidden. In renote areas clothing and shelter
provided for the survey party nust be adequate for the nost severe
weat her possible in that area. Regular checking of current weather
reports and forecasts while in the field can contribute to the efficiency
and safety of the survey work, particularly in areas or seasons when
sudden and severe changes in tenperature, winds, or precipitation

intensity are possible.

4.3.3 List Information Required

4.3.3.1 The leader of the system design study will be responsible for

preparing a list of the information required which results fromthe
field survey. There should be a separate |ist for each site and path,

and each one should contain any information already available that may
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be of use by the survey team (e. g., owner of property on which pro-
posed site is located, recomended access routes, etc.). (See work-
sheet 4.3-1). Specific points at which neasurenents are desired may
be indicated on profile charts by arrows and appropriate notations.
4,3.3.2 The planned use of a particular site will determne the extent
of the survey to some degree; thus, a passive repeater site, which need
be visited only rarely after construction, may not require an all-year
access that woul d be considered essential for an active repeater site.

A manned termnal location may require on-site housing, water, sew
age, and other facilities not necessary at repeater sites

4.3.3.3 For unmanned sites, the following list indicates the type of
information usually required fromthe field survey:

a. Precise location of permanent narkers on the site. At
| east two permanent survey nonunents shoul d be placed
on each site and the azinuth between them recorded,
these should be located on a sketch and phot ograph.
CGeographi cal coordinates of the markers are required to
+1 second; elevation above sea level to + 1.5 neters.

To avoid confusion, all elevation data should be recorded
with respect to nmean sea level (nsl).

b. If atentative site layout plan has been provided, the
antenna locations with respect to the site markers should
be marked on the site map in terns of precise directions
and di stances. (See exanples, figures 4. 3-1 and
4.3-2).

c. Full description of site. Include soil type, vegetation,
existing structures, access requirements, |eveling or
grading requirements, drainage, etc. Use sketch to
show di stances to property |lines, benchmarks, roads, etc.
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Site Name and Nunber
Latitude Longi t ude (Degrees, Mn, See)

Map reference (nost detail ed topographic)

Nearest town (postoffice)

Access route: (all year?)

Property owner; local contact:

Site sketch Site photograph General description
Ref erence baseline By Polaris O her
Ant enna No. True bearing
Ground elev. ML Takeof f angle (beam centerline)

Takeof f angles to 45° right and left of centerline

(Significant changes-in horizon)

Critical Points: (include horizon)

Di st ance Map el ev. Survey el ev.
Tree hei ght Required clearance
Descri pti on:

Horizon sketch Hori zon phot ogr aph

Power availability:

a. Nearest transmission |ine b. Vol tage

c. Frequency d. Phase e. Qperating utility
Drinking water source Estimated depth to groundwater
Sewage di sposal Type and depth of soil on and near site
Near est airport railroad hi ghway

navi gabl e river

Worksheet 4. 3-1 Sanple Checklist for Site Survey (page 1 of 2)
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Local communications facilities: telephone t el egraph radi o

Nearby radio transmtters relay stations

O her interference sources

Local transportation facilities: airlines rail roads

truck bus

War ehouse and storage facilities

Local suppliers (hardware, |unber, concrete, etc. )

Local contractors

Fuel sources (oil, gas, propane)

Local housing acconmpdati ons: Tenporary per manent

Local mlitary or civil contact

Met eorol ogi cal data fromlocal sources: (averages for each nonth)
Maxi munmd mi ni num tenperature (daily)

Precipitation (Al'so extrene 1- and 24-hour)

Snow dept h (Al'so maximum for period of record)

Prevailing wind direction and speed
Extrene wind gust and direction

Dewpoint or relative hunmidity (mean diurnal change)

Worksheet 4. 3-1 Sample Checklist for Site Survey (page 2 of 2)
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Figure 4. 3-1 Exanple of Topographic Map Section Show ng “Mesa”
Site (USGS Lyons, Colo. 7 1/2' Quadrangle)
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A detail ed topographic map of the site should be made
(fig. 4.3-2). Use photographs to show cl oseup details,
as well as general location with respect to surrounding
| arge-scale terrain features. For manned sites, an
estimate shoul d be given of suitability with regard to
wat er supply and sewage di sposal -- consult |ocal Well
drillers, agricultural agents, plumbing contractors,
nearby farmers or ranchers. Onthe initial site visit,
general information on site |ocation and access shoul d
be summarized on a formsimlar to worksheet 4.3.2. This
will be useful in directing suppliers and contractors to
the site.

Description of path. Gve general description of terrain

and vegetation as one proceeds along the path, if pos-
sible, fromone site to the next; in particular, check
el evations of ground and height of trees or buildings at

critical points. Distances should be deternined to an

accuracy of 0.1 mle (0.2 km, azinuths to 1 ninute
of arc, elevations to tlo frompath centerline. At crit-

ical points, obtain elevations within a radius of about

30 meters. Show by sketch and photographs new
construction or other features not correctly indicated by
avai | abl e topographic nmaps. Make sketches and phot o-
graphs on path centerline fromeach site, and show
azimuth angles to pronminent features; also list elevation
angl es. (Exanple: “Repeater #2 to repeater #3; start
survey at 0845 CST at BM #21A at site 2. Lowrolling
grass-covered hills near site, crossing Big Sandy

Creek (20-ft wide)) at 6.8 mles; steeply rising terrain
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DATE: Jywe ¢ ,/972  OBSERVER: B.C. Carp

SITE NAME &« NUMBER: NVEs4A S17e 1

LOCATION: SE 4 ¥W¥ Section 20 Town. 2 Range 70W
County Bewider State (o/oraclp Country USA
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Worksheet 4. 3-2 Exanple of Site Information Wrksheet
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beyond creek. Critical point at 7.9 mles, profile
shows 660 ft MSL, measured 672 ft by altineter

#2167 at 0910 CST 11-10-72. Trees on critical point
ridge estimated 40 ft maximum by A bney level; beyond
critical point to site 3 is rough pine-covered hills.

150 ft water tower nearing conpletion approximtely
500 ft west of path and 0.5 mle fromsite 2". )

Power availability. Gve location of nearest commercial

transmssion line with reference to each site; list nane
and address of utility firm state voltages, phase,
frequency, and main feeder size.

Fuel supply. List of local sources of propane, diesel
fuel, heating oils, natural gas; also estimte of cost of
item delivered to site.

Local materials and contractors. Determne if there

are local sources of lunber and ready-m xed concrete;
list names of local general contractors.
Local zoning restrictions. Make inquiry as to any that

mght affect use of site or height of antenna tower. G ve
di stance from each site to nearest airport; determne if
site is in a runway approach corridor.

Geol ogi ¢ and seisnmic data. Determine |oad- bearing

qualities of soil at site, depth to rock and groundwater.
Qbtain soil sanples if appropriate. Check with |ocal
authorities on the frequency and severity of seismc

di st urbances.

\\eat her data. General climtological data will have

been assenbled for the design studies, but |ocal neteor-
ol ogi sts can provide valuable supplenental details on
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the local variations of w nds, tenperatures, snow pack
precipitation, cloudiness, fog, etc. , with reference to
hills, nountains, |akes, swanps, etc. , in the vicinity of
the sites. Check at local mlitary and civilian weather
offices as to suitability of previous estinmates for each
site, including,

(1) average maxi mum and m ni mum tenperature
(mont hl'y)

(2) average monthly precipitation, and extrene
short-period totals (day, hour), days/nonth
with rain;

(3) average wi nd direction and velocity, direction
and velocity of peak gusts;

(4) average and extreme snow pack;

5) flooding possibilities;
6) occurrence of hurricanes, typhoons, tornadoes;
7) persistence of fog or |ow cloudiness
8) probability of extended periods of very |ight
Wi nds;
(9) icing probability (freezing rain)
(10) average dewpoint tenperature; diurnal variation

of relative hunmdity.

k. Oher nmicrowave systens or radars. |ndicate on map

| ocations where “foreign” systems parallel or cross
the proposed route; show approximate |ocations of the
foreign repeater sites and name of operating agency.
Show | ocation of radars, and determ ne power, wave-

| ength, and angle of coverage. Toascertain the anbient

RF environnent, electromagnet c radiation field surveys

may be conducted (see paragraph 4.2.22.4).
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k. Path loss data. These will only rarely be required,

see section 4.3.18 for further discussion.

4.3.4 Survey Equi pnent Requirenents

4.3.4.1 Equipment necessary for the field survey will vary with the
demands of the design study, as well as with the type of terrain and
climte. In renote areas backup units should be taken for all major
equi prent itens, but this will not be necessary where supply depots are
relatively near. Each survey. will need to be considered separately to
assess the effects of loss of certain items of equipnent.
4.3.4.2 Cothing, energency shelter, and food supplies nust be
adequate for the nost adverse conditions, allowing for the possibility
of vehicle breakdown, road bl ockage, flooding, severe storms, etc.
Climtological data obtained frommlitary or civilian sources should
be used in this planning.
4.3.4.3 Technical supplies and equipment will vary somewhat with the
type of survey; the followng items are recomrended:
a.  topographic maps, county road maps, path profiles,
plan of proposed site,
b.  benchmark information fromU S. G S. or other sources,
.  surveyor’'s conpass,
d.  transit or theodolite (e.g., K& E or WId) with |aser
light filter,
e. tripod and leveling rod,
f, sensitive altimeter (preferably three each; e.g.,
Wl lace & Tiernan FA-181), with psychroneter kit,
. hand level- clinoneter (e. g., Abney),
h.  steel surveyor's tape, 100 ft,
i, binoculars (7x35 or 8x50) with laser light filter,
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i surveyi ng handbook, ephenmeris for current year,

k. wooden stakes, hammer) stake bag, ax or hatchet,

|, Polaroid camera and anple film supply

m  field notebooks, protractor, rulers, dividers, clip-
boards, pencils, erasers, small hand tools, flash lights

n. slide rule, small electronic calculator, math tables,

0. laser source with collimtor, xenon strobotron light,

p. first-aid and snakebite kits

q. several accurate watches; stop watch; small HF radio
for monitoring standard time broadcasts

r. one of the mcrowave distance neasuring devices (e.g.
el ectrotype or tellurometer). These devices may be
adapted and calibrated for making certain types of path
| 0ss neasurenents.

4.3.4.4 Two-way portable radios are indispensible in path surveys,
and al so provide additional safety margin for work in renote areas or
under severe weather conditions. On long trips a supply of spare
batteries should be carried.

4.3.4.5 In areas with few benchmarks, a recording altineter or

m cro barograph can be used to inprove the accuracy of the survey.
4.3.4.6 |If soil sanpling is required, a shovel, auger, and sanple
containers should be included in the survey party supplies.

4.3.4.7 Path-1o0ss neasurements are not always required, but involve
sizeable quantities of additional equipnent. See section 4.3.17.

4. 3.5 Transportation

4,3.5.1 In areas with a good road network, a station wagon is a
good choice for field survey transportation: tripods, |eveling
rods, and instruments are protected fromsun and weather and are
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easi |y | oaded and unloaded. In rough terrain, marshy areas, or where
roads are poor, a 4-wheel drive vehicle is reconmmended. Mbst sur-
veys wWill require at least two vehicles, and nore will be necessary if
the survey is to include path-1oss testing. In sone areas it may be

nore efficient to use a helicopter for site visits, particularly if sites

are a long distance from roads.

4.3.6 Per sonne

4.3.6.1 The survey party chief should be a nenber of the system
design group who is famliar with the design objectives and has previous
experience in field surveys. Qther nenbers of the party should be
chosen on the basis of the particular needs of the survey; usually it

will be advantageous to select individuals with varying backgrounds and
skills if they are available. For exanple, various phases of nost
surveys can nost suitably be performed by persons with experience in
comuni cations engineering, surveying, civil engineering, meteorology,
and geol ogy. Mst tasks are such that nore than one person is required
For final surveys, however, the survey party should include at |east
two well-trained and experienced surveyors. \Were appropriate, the
survey party may also include representatives of |ocal commands, host

countries, and contractors.

4,3.7 Frequency Requirenents

4.3.7.1 If the path loss tests are to be performed, it will be neces-
sary to obtain authorization for use of the desired frequencies on the
particular paths. Pernmits may also be required for the nobile or
portable 2-way radios, and for electronic distance-neasuring equip-

ment .
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4.3.8 Ti me Requirenents

4,3.8.1 The tinme required for the survey effort will include the tine
required to assemble and brief personnel, procure and test equipnent,
obtain permssion for site visits, make the field measurements, and
assenble the data in a formsuitable for use in the final stages of the
system design. Tine estimates for field work should consider the
nature of the terrain, quality of roads, and weather conditions that may
be encountered. Anple time should be allowed for the site visits and
path checks; accurate information from these tasks is of greater con-
cern than early conpletion of the survey.

4.3.8.2 The path loss neasurenments team should be able to operate

i ndependently, i.e., the rest of the survey team should not be required
to remain at a site or area while path | oss measurenents are in
progress.

4.3.9 Request for Survey

4.3.9.1 The necessary requests for manpower and equi pment shoul d
be initiated as soon as an estimate can be made of the conpletion date
for the route alternatives study. Consideration should be given to
climtic factors in areas where certain times of year are generally
unsuitable for field work

4.3.10 Obtain Permssion for Site Visits
4.3.10.1 As soon as sites have been selected, brief descriptions

of the sites should be prepared fromthe map data available, and perti-
nent information shown on acconpanying sketch maps of each site.

These descriptions should be forwarded to the appropriate mlitary
office with a request for site visit negotiations. The request shoul d
describe briefly the purpose of the proposed nicrowave system approx-
imate size of towers and buildings that may be necessary at each site,
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and shoul d outline specifically what the survey party plans to do at the
sites; e. g., set up theodolite, make distance and el evation neasure-
nments, mark tentative tower location and site boundaries with stakes,
take soil sanples (specify size), erect tenporary tower for path |oss
tests, etc. |If any permanent defacement of the property is planned
(soil sanples could be so considered) it should be plainly outlined in
the proposal for visit. Size and type of vehicles to be operated on the
site should also be given, as well as the maximum duration of the sur-
vey at each site, and the approximte cal endar period in which the
survey will be made.

4.3.10.2 A copy of the conplete set of site visit authorizations nust
acconpany the survey team \Wen a site is on private property, such
as a farmor ranch, it is recomrended that the survey party visit the
owner or his tenant inmediately prior to entering the site for the survey
Inquire as to preferred routes across the property (this may vary with
crop devel opment), novement of |ivestock, etc. This courtesy may
influence |ater negotiations for |ease or purchase of the site.

4.3.10.3 System design or field survey personnel will not ordinarily
participate in site visit negotiations, but should be prepared to furnish
a representative to acconpany legal or property officers on visits to
property owners. Negotiating officers should be thoroughly briefed on
the purpose and general operation of the proposed system so that they
will be prepared to answer questions on possible effects such as inter-
ference to radio or TV reception, health hazards from radiation, etc.
4.3.10.4 If there is a short time schedule for inplenmentation of the
system it may be desirable to proceed with land acquisition at the
same time permssion for site visits is being arranged, i. e., options

for lease or purchase should be negoti ated.
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4.3.11 Site Visits

4.3.11.1 Upon arrival at a site, the first task of the survey team will
be to verify the location selected on the basis of the map studies.

There are likely to be small variations in the topography that were not
shown on the maps, and it may be desirable, in the judgment of the"
survey chief, to make small adjustments in the site location. The
pernmanent site reference markers should then be placed and surveyed
in. Next, the location of the antenna tower and buildings shoul d be
marked by stakes in accordance with the prelimnary site plan. From
the location of the tower and buildings, the boundaries of the desired
plot of land should then be deternmined and narked by stakes, taking
into consideration the tentative location of anchors for guyed towers

if they are to be considered.

4.3.11.2 A sketch of the site is made in a field notebook, show ng the
| ocation of the tower and buildings, trees, large boul ders, ditches,
etc. Then neasurenents are nmade with the steel tape, and recorded
with dinension lines on the sketch, so that an accurate site map can
be prepared. The sketch should be clearly identified by name, site
number, geographical coordinates, and quadrangle map nanme or
nunber. It should be acconpanied by a verbal description of the type
of soil, vegetation, nunber and size of trees (trunk dianeter and

hei ght), nunber of trees that will have to be renoved, approxinmate
location and extent of leveling required. If soil sanples are required,
the sanpling points should be marked on the site sketch.

4.3.11.3 Photographs are made of the horizon to the north, east,
south, and west fromthe tower location, and also along the centerline
of each path fromthe site; these should be fully identified and fastened
to a page in the notebook. Use a transit or theodolite to determne

azimuths of prominent features on the horizon of each photograph, and

4-93



M L- HDBK- 416
15 NOVEMBER 1977

also indicate the elevation angle to promnent features of the path-
centerline photographs. |f possible, photographs should al so be nade
at a short distance fromthe site to provide an overall view of the entire
site; site boundaries and tower |ocation should be entered on these in
ink. A nore distant view, to showthe site area with reference to
surrounding major terrain features, wll also be useful

4.3.11.4 Cenerally speaking, azimuths determned by magnetic conpass
are not sufficiently accurate for radio path surveys. \wen the conpass

is used for rough orientation, it should be corrected for the local declin-
ation, which may be obtained from topographic or aeronautical charts.
There are, however, irregular or local variations of the conpass bearings
that are caused by magnetic storms, iron ore deposits, |arge objects of
iron or steel, and electric power lines; therefore great caution nust be
used in checking site or path azimuths with a conpass, particularly in the
far north (e.g., Alaska, Iceland, Geenland) or in areas with known |arge
mneral deposits. Azinuth references should be determined or con-
firmed by celestial observations if possible (see section 6.1).

4.3.11.5 The latitude and longitude of the tower location on the site

shoul d be determined to +1 second. This can be done by map scaling,
traverse survey, triangulation survey, and celestial observations. The
met hod selected may vary with the particular conditions, such as ir-
regular terrain and distance from a benchmark. In nmost cases this
accuracy can be attained by careful scaling froma 7 1/2 minute quad-
rangle with a device such as the Gerber Variable Scale (one second of
latitude = 101 ft or 31 meters, approximately). It will rarely be neces-
sary to determine location by celestial observations, which require

consi derable time, highly skilled observers, and good instrunents.

The location should also be described with reference to nearby roads

and cities so that contractors and suppliers can be readily directed to

the site as indicated on the exanple in worksheet 4.3-2.
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4.3.11.6 The elevation of the ground at the tower |ocation should be
determined to *1.5 neters. The nmethod used depends on field condi-
tions, distance to benchmarks, personnel and equi pnent available, and
type of survey. Differential leveling, or the extention of a known verti-
cal control point (benchmark) by a series of instrument setups, is the
most accurate method and is reconmended for the final survey or when
there is a benchmark close to the site. Trigononetric leveling is use-
ful where elevations nust be determined over relatively |ong distances,
as in very irregular or inaccessible terrain; it is not ordinarily used
for site surveys but may be enployed to determine the elevation of
obstacles along a radio path. Aerial photogrametry and airborne
profile recorders (radar or |aser) can also be used, although these
techniques tend to be quite expensive. Baronetric leveling (or survey-
ing altimetry) is the sinplest method of determning relative ground
elevations, and is particularly useful for initial surveys, although it
can al so provide the accuracy required for the final survey by careful
use. Baronetric techniques are treated in detail in section 4.3.13

and section 6. 2.

4.3.11.7 For the initial survey, prepare a site sketch map simlar to
figure 4.3-2; include coordinates, |ocation of prom nent objects, eleva-
tion data, etc., using a scale on the order of 1" = 10 to 50 ft and contour
intervals of 1 to 5 ft; it should show location of the reference baseline,
nearby benchmarks, tower and building |ocations, etc. The preferred
nmet hod of establishing the reference baseline is by celestial observa-
tions (see section 6.1).

4.3.11.8 The access to the site nmust be described in detail so that
estimtes can be made of the cost of building a road to the site. Pre-
pare a sketch map showing the route of the proposed road with reference
to the site and existing roads; also indicate the type of soil, nunber of
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trees that will probably have to be renoved, degree of slope, and
approximate length of the road (as conpared to the nost direct distance
fromthe site to existing roads).

4.3.11.9 The probability of all-year access to the site should be esti-
mated after discussing the matter with nearby residents, highway
departnent maintenance personnel, and |ocal neteorol ogists. Get an
estimate of the nunber of days per year when existing roads in the
area are inpassabl e because of snow conditions or heavy rains. In-
quire as to the possibility of snow renoval and regular maintenance by
hi ghway departnent crews and equi pnent.

4.3.11.10 The availability of commercial electric power will be a
maj or factor in deternmining the operating expenses of the site. If
there is a nearby transmssion line show its approximate route on a

t opographi ¢ or road map as well as recording pertinent details in the
field notebook. Obtain the nane and address of the utility conpany,
and make inquiry as to the existing policy on line extensions for new
customers. The survey party should have available information on the
approxi mate power requirenents of the repeater or termnal radio
equi pnent, size and type of construction of the equi pment buildings

and tenperature to be maintained by air conditioning, so that utility
officials can estimate the overall site power demands.

4,3.11.11 If the site is in an area where heating of the building will be
necessary, deternmne if there are |ocal sources of propane, natura
gas, or heating oils. A so check on availability of fuel for the standby
not or-generator. Determine approxinmate costs of these items, de-
livered to the site.

4.3.11. 12 List nearest sources of building materials, such as |unber
brick, concrete bl ocks, ready-m xed concretes List |ocal general
electrical, and heating contractors.
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4.3.11.13 Check with local authorities on possible zoning restrictions
inthe site areas regarding type of construction permtted, require-
nments for sanitary facilities, maximm height limtations, etc. Al so
check locations of nearby airports to see if proposed site is in the
approach corridor of any of the runways.

4.3.11. 14 Depending upon the nature of the proposed site, it my be
necessary to check the depth of groundwater and bedrock and obtain a

| ocal opinion on the |oad-bearing qualities of the soil at the site. In
some areas, it wll be appropriate to check with local sources of infor-
mation on the frequency and severity of seismc disturbances.

4.3.11.15 Weat her conditions should be discussed with |ocal meteor-

ol ogists, as outlined in 4.3.3.3].

4.3.11.16 The site visit also affords an opportunity to verify the exist-
ence, locations, and operational data of any other communications or
radar termnals as noted in 4.3.303k

4.3.11.17 Path loss testing is rarely required on LOS paths. If per-
formed by a team independent of the survey party, it wll be inportant
that the exact locations selected for the antennas by the survey party be
used in setting up antennas and towers for the path loss tests. Test
procedures are further discussed in section 4.3.20

4.3.11.18 Interference neasurements nmay be required on some sites,
dependi ng upon what is already known or |earned during the field survey
about possible interference sources. Mcrowave repeaters should not
be located less than 10 niles froma radar. |If possible, terrain shield-
ing of potential l|ine-of-sight paths between the repeater and any radars
up to 50 miles distance should exist under all conditions (even when
ducting occurs). Interference may also result from other nicrowave

systems that parallel or intersect the proposed system [4]
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4.3.12 Survey Terrain C earances

4.3.12.1 When the site visit tasks have been conpleted at both ends of
a radio path, the terrain clearances should be checked, and ot her
pertinent information on the path recorded. There will usually be only
a few points on the radio path where clearance is critical, however, the
entire path profile needs to be verified to some extent by the survey
party. The maps available for design studies are frequently severa
years old, and recently constructed buildings, reservoirs, storage
tanks, and roads may alter the map indications of clearances, reflec-
tion points, and site access. Any changes noted should be entered on
the topographic nmaps, the terrain profile and in the field notebook

| arge structures should be photographed and the approxi mate di nensions
shown on the photographs. A description of the terrain and vegetation,
as one proceeds fromone site to the other, is also entered in the field
not ebook (see exanple 4.3.3.3d).

4.3.12.2 Normally, conventional techniques involving differential
leveling or precision altinetry will be used to check the terrain clear-
ances. Oher nethods that may be useful in sonme circumstances in-
clude optical surveys (use of laser source, mrrors, and theodolites),
airborne radar profile recorders, and three-dinensional aerial photog-
raphy (photogrammetric techniques). The latter two tend to be relative -
l'y quick, but do not elimnate the need for site visits. In certain

cases, however, they may provide information that could not readily be
obtai ned by other nethods

4.3.12.3 The advantages and di sadvantages of various terrain-

checking techniques are as follows:

4.3.13 Profiles from Altineter Surveys

4.3.13.1 Altimeter surveys are used to check elevations of critica
points, especially in rough country or where existing maps are poor
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The type of terrain to be covered will have a direct bearing on the
cost, accuracy and the time taken to conplete the survey. Rugged,
i naccessible country will make it very difficult to obtain good results,
for the follow ng reasons
a. it is difficult to locate a point on the ground as being
directly on the radio path. Hence, it nust be assumed
that the highest point in the immediate area will form
the obstruction,
b. obstructions may be difficult to reach by parties on foot;
¢. the accuracy of the survey depends largely on the time
required to make conparative altimeter readings at
different locations. The longer this interval, the great-
er the chance of a change in tenperature or baronetric
pressure that could cause an error (see section 6.2).
The use of helicopters can shorten these tinme intervals,
from hours to ninutes, particularly if the survey route
requires scaling of difficult peaks. This saving in tine
can sonetines offset the expense of the helicopter, and
this may even be nore inportant on urgent jobs.
4.3.13.2 The methods of conducting altineter surveys are covered in
surveying textbooks [94, 96] and in the manuals distributed by nakers
of surveying altimeters. The accuracy obtainable is usually adequate
if the survey is made by experienced personnel using good equi pment.
4,3.13.3 Section 6.2 contains a summary of meteorological factors
that can affect the accuracy of altimeter surveys, lists precautions to
be observed in the use of altimeters, and describes techniques for using
the altimeter on radio path surveys. Additional details can also be
found in T.O 31R5-1-9 [10].
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4.3.14 Profiles from Optical Surveys

4.3.14.1 Optical nethods of checking obstructions on radio paths are
di scussed in detail in section 6.3Light from xenon tubes or sunlight
frommrrors are used in conjunction with theodolites. These mnethods
are used to neasure the |ocations of obstructions as well as vertica
angles to determne elevation differencése di scussion in section

6.3 includes an evaluation of the relative accuracy of the various

met hods, and nunerical exanples with sketches of the geonetry

i nvol ved.

4.3.15 Profiles fromAerial Surveys

4,.3.15.1 Profiles can also be obtained by using a Terrain Profile
Recorder (TPR) on aerial surveys of the proposed routes. The TPR
system consists of a precision radar altimeter, a pressure sensing
device called a hypsonmeter, and a continuous-strip 35 mm canera

whi ch has been bore-sighted to the axis of the radar beam The hypso-
meter measures the aircraft deviation froma preselected baronetric
altitude, while the radar altimeter measures the terrain clearance.
The continuous-strip camera is set to take overlapping photographs to
record the exact aircraft position; the recorded data include the trip -
ping tinme of each exposure, the indication of the aircraft and radar
altineters, and the deviation shown by the hypsoneter. A sinilar
system enpl oys a laser altineter instead of the radar altineter; how
ever, this system has an operational linit of about 6000 ft, while the
systemwith the radar altineter can be enployed from about 6000 !0
32000 ft.

4.3.15.2 Path profiles can be obtained quickly by aerial nethods, but
there are a nunmber of potential sources of error. These include the
fol | ow ng:
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Determination of the radio path center line -- the pilot
needs markers and checkpoints, but these may be diffi-
cult to provide in rugged or inaccessible terrain, and
may be of questionable accuracy if available nmaps are
poor

Beamwi dth -- the radar beamwi dth will vary from 100 to
500 ft at the surface, depending upon the altitude of the
aircraft. Since the recorded signal corresponds to the
high point in this strip, the indicated elevation of the
radio path could be considerably in error in rough
terrain.

The radar beam penetrates foliage of trees to a variable
and unknown degr ee.

The effects of thermal or nechanical turbul ence and
wind drift make it difficult to hold a precise course and
altitude, and any tilt of the radar beam causes errors in
the “on-course” elevations

General errors in pressure altinetry are discussed in
section 6.2. These include instrumental |ag, tenpera-
ture errors, and errors related to novenent of pressure
systens. Sizeable errors may occur in the vicinity of

t hunderstorns, where “pressure junps” frequently
occur. In addition, there are errors related to the

static pressure systemof aircraft altineters.

Profiles from New Maps Drawn from Aerial Photographs

4.3.16.1 Profiles may be obtained from maps based on three-

aerial photographs, using photogramretric techniques.

di mensi ona

Very high accuracy is possible if a sufficient nunber of precise ground
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control points are used. A series of photographs is made of the desired
area from altitudes between about 300 m and 10,000 m depending on
the scale and accuracy required. Each photograph has a 60% overlap
with adjacent photographs, and a set of two adjacent pictures forms a
“stereo pair” that gives a three-dinensional nodel of the terrain, when
seen through a special viewer/plotter device. This has a neasuring
system for determning horizontal and vertical distances from the
projected nmodel by reference to the photo control points previously
surveyed and nmarked on the ground. Auxiliary equipnent can be set to
trace a particular elevation and plot the contour lines over the area to
the desired interval.

4.3.16.2 The conparative cost of this nethod and nore conventiona
techni ques of preparing path profiles is not known at present. It is
doubtful if photogramretric methods woul d be economcally feasible for
single links, but for an extensive systemthe costs should be nore
conpetitive. |f recent photographs are available, photogrametric
techniques may provide much nore current path information than could
be obtained from the best available topographic charts, which may be
several years old, and may not show recent changes on the radio path
that could significantly influence path performance such as new construc-
tion, or perhaps the highly reflecting surface of a new reservoir
Interpretation of the stereo photographs by experts can also provide
information on the type, height, and density of trees, as well as the
best location for access roads, sources of water supply, |ocation of
power |ines, and sources of possible interference.

4,.3.17 Path Loss Measurenents
4.3.17.1 Path loss tests, if required, are made by transmtting an un-

modul ated RF carrier between adjacent repeater sites and measuring
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the received power |evels over a period of time and in some cases for
various conbinations of antenna elevations. Path loss as a function of
time and antenna height is readily determned from such data if trans-
mtter power, antenna gains, and waveguide |osses are known.
4.3.17.2 Path | oss neasurenents are not usually necessary on care-
fully designed LOS radio Iinks. There are paths, however, where it
may be advisable to make such tests prior to facility construction. If,
for exanple, antennas of the heavy horn-reflector type are to be used
the antenna position on the tower cannot easily be changed once the
installation is conpleted. In such cases height-gain measurenents
may help in determining the optinmum antenna position. Measurenments
are also reconmended on any path where there is a possibility of strong
ground reflections, or on paths where design cal culations indicate
borderline conditions of fading margin or Fresnel-zone clearance (see
section 4.2). These problens mght arise where the choice of suitable
sites is limted, or local zoning restricts tower heights (near airports,
as an exanple).

4.3.17.3 Manpower and equi pment required for path |oss testing make
it an expensive operation. Tenporary towers are usually required at
both sites as are sone means of noving the antenna quickly from one
position on the tower to another (a clamp-on track is sometimes used).
Portabl e power units will also be needed, in addition to a stable trans-
mtter and receiver, recording equipnment, transmssion |ines, and
calibration equipnent. The tests nmust be made over exactly the sanme
path as that intended for the final installation, and in rough or heavily
wooded terrain it may be nearly inpossible to make measurenents
until the sites have been acquired, ground cleared, and access roads
provi ded.
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4.3.17. 4 Section 6.4 contains nore detailed information on the desir-
abl e equi pment and tower characteristics for path loss testing, as well

as suggestions relative to calibrations and operational procedures.

4.3.18 Obj ectives of Path Loss Tests.
4.3.18.1 Since the performance of path losstests may beconme quite

expensive and require a substantial amount of time, a careful analysis
of test objectives nust be made before a field effort is mounted. Such
an analysis is logically based on the results of the prelimnary design
work described in section 4.2 (Study of Route Alternatives). In general
path loss tests on line-of-sight links may have the follow ng objectives:
a. Verification of line-of-sight conditions over a specific
link,
b. to provide a basis for selecting optinnum antenna heights,
c. evaluation of potential fading phenonena, and basis for
sel ecting antenna spacings for diversity operation
4.3.18.2 Since line-of-sight systens are usually designed wth ade-
quate terrain clearance, as discussed in section 4.2, verification of
| i ne-of -sight conditions by path | oss measurements may only be re-
quired on long links where the information from available maps is not
reliable, and optical methods cannot be enployed. O her considerations
and procedures to achieve the three objectives will be discussed in the
follow ng paragraphs.

4.3.19 Antenna Height Gain, Lobing, and Atnospheric Effects

4.3.19.1 If we assume a link over relatively snooth ground where a
single specular reflection can be obtained, the relative phase of the
direct and the ground-reflected conponent changes with antenna height
and produces alternative addition and cancellation in the resultant field
at the antenna. Starting with heights corresponding to grazing, the
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resultant field will first rise rapidly to a maximumwith increasing
antenna height, and then will go through a series of “lobes” (i.e., the
successive maxima and minim) when the height is increased further.
These | obes become smaller with increasing antenna height; i.e., the
maxi ma and mnima are closer and closer together until they are no
nore distinguishable because of the integrating effect of the antenna
aperture. The spacing between maxima and mnim is also a function
of carrier frequency.

4.3.19.2 The lobing pattern as a function of height for the case just
discussed will also change as a function of changes in the atmospheric
refractivity gradient, and conplex patterns may result froma sharply
stratified atnosphere which may produce atnospheric multipath conpo-
nents in addition to the ground-reflections previously discussed.
4.3.19.3 If there are no ground reflections, no |obing pattern will be
observed and the received field will rise with antenna height to the
free-space value and remain essentially constant for further height
increases. Such a condition will usually exist in practice where the
terrain is sufficiently irregular to prevent specul ar reflections, partic-
ularly at higher microwave frequencies. Cccasionally, nultiple
specul ar ground reflections will occur and may conplicate the |obing
pattern in a manner sinmilar to atmospheric nultipath.

4.3.20 Verification of Line-of-Sight Conditions
4.3.20.1 Based on the discussion in paragraph 4.3.17.3 above, the exist-

ence of line-of-sight conditions can be quickly verified, if required, by
neasuring the received power over a specific link for a short tine,

and conparing the neasured |evel to that corresponding to free-spice
propagation conditions. This should be done preferably at times when
the atmosphere is well-mxed so that effects of stratification do not
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appear. Considering atnospheric absorption over the path (see section
4.2.22) and possible calibration errors, the received power |evel over
line-of-sight links up to about 50 kmin length should be within a few
deci bel s of the free-space val ue

4.3.20.2 If the test antenna at one of the termnals can be raised and

| owered, an assessnent of potential fading conditions can be made in
many cases. |If a substantial |obing pattern exists even under conditions
of a well-mxed “standard” atnosphere, nultipath propagation by
reflections fromterrain can be assuned to exist. Since the |obing
pattern, as already noted, changes wth atmospheric characteristics
substantial fading can be expected, and the use of diversity operation
over the link should be considered

4.3.20.3 A recent CCT Handbook ([12], see appendix to section
B.1V.3, section 14) includes suggested test procedures to determne
the location of obstructions and values of the effective earth radius
factor, k, from path |oss neasurements. However, these procedures
are largely based on idealized terrain and atnospheric conditions; e.g.
specul ar reflections from well-defined portions of the terrain along the
path, and a well-m xed atnosphere with refractivity gradients which
may be time-varying, but are constant over the volune of the propaga-
tion path at any particular tine. Consequently, it is not likely that

such tests will produce unique results in a cost-effective manner.

4.3.21 Sel ecting Optimum Antenna Heights by Path Loss Tests.
4.3.21.1 Raising and | owering an antenna may prove or disprove the

exi stence of a lobing pattern for the specific atnmospheric conditions
existing at the time of the tests, but it should not be attenpted to fix or
recommend a particular antenna height on the basis of a short-term
test. This is particularly applicable to cases where the frequency for
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path loss tests is not the same as that which will be ultimtely used for
the system since the Iobing pattern is frequency-dependent.

4.3.21.2 |f antenna heights nust be determned or verified by path

| oss tests over a short time period, they should be selected in the md-
dle of a height interval within which the received field is close to the
free-space value and constant within a few decibels. This will provide
sone assurance that day-to-day changes in the average atnospheric
refractivity will have no appreciable effects on the received radio
frequency power.

4.3.21.3 Positioning the antenna within a height region where the
received field varies rapidly with height should be avoided. A nono-
tonic increase in field of tens of decibels over antenna height increases
of several neters is a good indication that the path is close to grazing
and may be subject to blocking and resulting power fading during sub-
refractive conditions (see section 4.4.11). Figure 4.3-3 is a pictoria
representation of possible field strength variations with antenna height
for a well-mxed atnosphere, and includes suggestions for “good” and
“bad” antenna positions. However, greater confidence in determning
antenna position can only be obtained froma conbination of careful

anal ysis of path geonetry and available refractivity data with |ong-
term si mul t aneous neasurenments at several heights. Such a proce-
dure is usually too expensive in relation to benefits derived for nost

practical nicrowave |inks.

4.3.22 Eval uation of Fading Phenonena and Diversity Design

4.3.22.1 There are systems and links where it is not possible for a
nunber of reasons to enploy sufficient antenna heights to provide ade-
quate terrain clearance, or where paths are exceptionally long, or

where climatol ogical conditions are conducive to severe fading.
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Exanples are primarily paths over water with limted tower heights
Since it has not yet been possible to deduce statistics of the expected
received power levels froma linted know edge of the statistics of

at mospheric characteristics, it may in sone cases be useful to perform
path | oss neasurenents over an extended period of time in order to
obtain nmore confidence in the performance predictions, or even to
avoi d costly overdesign.

4.3.22.2 Path |loss tests under such circunstances may be perforned
using the equipnent installed and operating on the basis of best avail-
able design estimates in accordance with the material in sections 4.2
and 4.4. However, the results of the tests may indicate desired
changes in the equi pments antenna positions, and diversity design. It
will usually be advantageous to select periods for path loss tests when
severe fading is anticipated.

4.3.22.3 Available meteorol ogical data should be consulted to deter-
mne diurnal and seasonal periods when atnospheric stratification and
ducting is likely to exist. As an exanple, this may correspond to
summer nights for paths over flat terrain in a tenperate zone. For
overwater links, or links in coastal areas, the possibility of changes in
refractivity gradients related to seasonal shifts in the prevailing wnd
flow should be considered. In one season the air flow may bring warm
dry air fromthe land over the sea (a condition frequently causing radio
ducts), while in another season the flow may be predom nantly from
sea to land. On the basis of such qualitative analyses the best season
and suitable daily schedules for path |oss measurenents can be

det er m ned.

4.3.22.4 Sinple criteria regarding diversity design (i.e., spacing of
antennas, or frequency separation) have been given in section 4.4, 24,
However, these criteria may not be applicable in cases where
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pronounced | obing patterns due to specular reflections fromthe ground
exist, and where strong atnospheric stratification can be expected
during a large percentage of the time. Dougherty [35] has shown
methods to determne antenna separations in space, or frequency
separations which assure that the two channels of a diversity system
woul d not be subject to sinultaneous fading for a wide range of possible
refractivity gradients. Path loss tests over a longer time period can
be used effectively to verify the useful ness of configurations deter-
mned in this manner from theoretical considerations. A discussion
of applicable measurement results for a long line-of-sight link in
nmoderately rolling country has been presented in [97].

4.3.23 Uilization of Survey and Measurenent Data.

4,3.23.1 On conclusion of the field observations, the survey data
shoul d be sunmarized for use in the final system design studies.

Mst of the analysis and summarization of field data is best done while
the survey is in progress, since omssions or discrepancies noted can

then be readily checked while the survey party is still in the area

Site maps shoul d be prepared for each site, showi ng |ocations of anten-
nas, access roads, etc. Significant discrepancies between the origina
path and site data should be listed, and corrections shown on path
profiles and topographic maps. A n information folder should be pre-
pared for each site, containing maps and all other pertinent inforns-
tion, such as land ownership, power availability and cost, climtic
data, zoning restrictions, etc

4.3.23.2 If path loss neasurenments were made, the records should
be anal yzed and height-gain graphs plotted when applicable. Long-
term records should be carefully analyzed to obtain statistical informa-
tion regarding power levels, fading frequency and depth, and diversity

I mprovenent .
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4.3.23.3 In using the various data collected by the survey party,
technical desirability nmust be weighed against site availability, cost of
leasing or purchasing land, site preparation and road access costs

fuel and power costs, and all-year accessibility. Security considera-
tions may also beconme inportant in certain areas.

4.3.23.4 Requests forwarded to area commands for approval of sites
shoul d be acconpani ed by maps and other detailed information, such as
| egal description of the property, name and address of owner or |ega
representative (see also worksheet 4.3.2).
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Section 4.4 LINK DESIGN

4.4.1 Cener a
4.4.1.1 Using Section 4.1, certain basic information about the
system was obtained: its geographic |ocation, channel requirenments

and its location in the spectrum

4.4.1.2 Section 4.2 described selection of potential sites and routes,
and how to systematically grade the site and route alternatives in
order to select the nore desirable ones for additional investigation

with site surveys.

4.4.1.3 Section 4.3 described nethods of wobtaining conplete and
accurate information needed for final selection of links and for provid-
ing detailed, accurate path profiles and site layouts. In addition

explicit information about potential interference sources was obtained.

4.4.1.4 Wth this know edge, we can proceed now in Section 4.4 to
describe how to check, analyze, and summarize the information
described in 4.1,4.2, and 4.3 and finally, we wll consider how to
make a prelinminary selection of equipnent types and sizes for a
stated performance of each link in ternms of median voice channel
signal-to-noise ratio. The discussion on adjustnents of |ink design
resulting from system noi se performance estimates will be presented
in Section 4.5 (see figure 4.5-14). The required nedian signal-to-
noise ratio for each link may be obtained from appropriate DCA
standards that are current at the time and the communication traffic
requi rements information described in Section 4.1. Section 4.4

i ncludes background information on propagation effects with enphasis
on fading mechanisnms. It is organized as follows (see also figure
1-4):
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a. Path profile upgrading and checking (sect.4.4.3).
b. Calculating tower heights (sect. 4.4.4).
c. Propagation (sect. 4.4.5 through 4.4.21).

d. Diversity (sect. 4.4.22 through 4.4.25).

e. Radio frequency interference (sect. 4.4.26 through
4.4.27).

f.  Equi prent considerations (sect. 4.4.28 through 4.4.46).

4.4.2 The |ink design estimate

4.4.2.1 The worksheets in section 4.4.3 are used for summarizing
the results of the initial estimtes of the link design as denonstrated
by the exanple. Because of the prodigious nunber of equi pment
options, the large range of terrain and climte conditions, and the
variety of interference environments, no attenpt has been made to
provide a totally self-contained set of link design worksheets in
section 4.4. Final selection of equipment types and sizes will be

di scussed in section 4.5

4.4.2.2 The basic link design information should be docunented on works beets
4.4-1 through 4.4-5 as shown by the exanple given here and also in section
4.5.41. Reference is made on these worksheets to the various sections of the
handbook that will be helpful for obtaining desired pieces of information. The
last result on worksheet 4.4-5 (step 44) is the expected median receiver input
power, in dBm As a first estimate, this value P, is sufficient if it

exceeds the sum of the required nedian carrier-to-noise ratio (in dB) and the

receiver thermal noise threshold (usually in dB). The latter is the sumof the
thermal noise level 10 |og(kTB,) (usually in dBm) and the receiver noise
figure F in dB. These terns are further defined in par. 4.5.27.2; it wll
suffice for the present to state that the thermal noise level in dB can be ex-

pressed by(-174 + 10 log B, where the internediate frequency bandwidth B.is

in Hertz. Figure 4.4-1 is a exanple of required values of receiver input power
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for an FDM FM system based on currently applicable DCS Standards [98], and may
be used for this purpose. The curves in this figure are based on the equation
given in the legend, this is equation (4.5-10) solved for Pwith a 3 dB term
added to offset equipment noise. The IF filter bandwidth B.is assuned to

be equal to the radio frequency bandwi dth b, For this exanple, the required
value of the voice channel signal-to-thermal noise ratio, S/IN, is assumed to be
66 dB and the receiver noise figure is 10 dB. At the nedian value P of receiver

input power, equipnent noise will probably be a substantial factor in determning
the voice channel signal-to-noise ratio; this is the reason for the added 3 dB
termas noted above.

4.4.3 Path profile upgradingand checking

4.4.3.1 In the initial stages of the design a path profile of the link
shoul d have been plotted in accordance” with Section 4.2.15 and figure
4.2-4. Now, corrections corresponding to the information obtained
fromthe site survey should be incorporated into the profile, and it
shoul d be checked to see if it contains the follow ng pieces of information

a. Check the validity of the site coordinates marked on the
map fromwhich the profile was plotted with those
obtained during the site survey.

b. The height above nmean sea level of the termnal points on
the profile should agree with the heights measured in
accordance with Section 4.3.11, and as shown for the
tower base height in figure 4.3-2.

C. The photographs taken in accordance with Section 4.3.11
shoul d be checked for down-path clearance in the imme-
diate foreground, and the elevation angle to the horizon
indicated by the geometry of the profile should be checked
agai nst the measured el evation angle down-path.
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d. If there are trees or buildings at the site and on or near
the center line down-path, make sure their heights and
| ocations are shown on the profile. For trees, an allow
ance for growh should be indicated as shown in the
exanpl e on Wrksheet 4.4-1

€. Indicate any local restrictions on tower heights on the
profile. If the antenna tower already exists on site
indicate at what heights antennas can be placed.

f . Check that the results of the terrain clearance survey

described in Section 4.3.12 are incorporated in the
profile.

g. Mke sure that potential specular reflectors mentioned
inthe site survey data or shown on the map (such as
bodies of water which lie along the path) are noted on
the profile.

h. Mke a check of the height of critical points along the
profile for agreement with the corresponding points on
the map used for the plotting of the profile.

4.4.3.2 If during the site survey enough information was obtained on
| ocal weather data to estimate the range of refractive index gradients,
indicate this range on the profile (see also paragraph4.4.5.1)

4.4.3.3 Worksheets

The worksheets in this section show how to organize the terrain profile

and equi pment information for an individual |ine-of-sight link, so that design
paraneters can easily be summarized and tabulated. An appropriate exanple is
started on worksheet 4.4-1, 4.4-2 and 4.4-3; the conplete link design calcul a-

ions for this exanple are given on the filled-in worksheets in section 4.5.41
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Site Identification

From  volmer . No. 1 to Lyons , No. 2
(Name) (Abbrev.) (Name) (Abbrev.)
700
600
500 l. ?fli{} iCI.L'lieaJ:.a,m:q:
k = 2/3 &
3 A 29 No. 2H
H4No, 1 T
400
T g--
[TLake
T
300 I
10 20 30 40 50 60
Distance (km)
Not es:

1. A 30 percent allowance for grouth has been
included in the tree heights shown on the profile.

2. The worst estimate of sub-refractive gradients
for this area is +39 N units/km corresponding
to a value of k=0.8 (Fig. 4.4-4)

3. The take-off angle, , at site No. 1 is determned
by Eq. 4.2-4. Since for k=4/3 (a=8493 kn),
(h-d/2a) is less than h, the angle of
penetration of potential layers at some |ocation

along the path will be zero.
Worksheet 4.4-1 Link Design Profile (Exanple)
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Cal culate h, the displacement of the curved earth radio path fromthe

flat earth path (section 4.2.15).

dd

h= —2 where h is in mand d and d,in km Calculate the dis-

12. 75k
tance fromthe center line of the radio beam which will provide 0.6 of

first Fresnel zone clearance, 0.6 R (section 4.2.18).

49,

For k

2/3

1
0.6 R, =(0.6) (17.3) /—
1 &:

and f =

Hez

hW=0.118 d1d2 and 0.6 R1 = 0.512 d1d2

dl dZ h 0.6R
(km) | (km) a4, (m) | Jad, (m) !
5 46.3 231.5 27.32 15.22 7.79
10 41.3 413.0 48.73 20.32 10. 40
15 | 36.3 | 544.5 | 64.25 | 23.34 11.95
20 31.3 626.0 73.87 25.02 12.81
25 | 26.3 | 657.5 | 77.59 | 25.64 13.13
30 21.3 639.0 75.40 25.28 12.94
35 16.3 570.5 67.32 23.89 12.23
40 11.3 452.0 53.34 21.26 10.89
45 6.3 283.5 33.45 16.84 8.62
50 1.3 65.0 7.67 | 8.06 4.13

Worksheet 4.4-2 Link Design Cearance Calculations (Exanple)
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Di stance on Profile 26.3  km

G ound Elevation 390 m above ms.|.

Tree or CObstacle Height 30 m above ground.
Total Cbstruction Height 420 m above ms.|.

For an assuned upper antenna height of _100 m & 100 m clearance of

13.6 mis realized for “k” = 2/3 . This provides
(wor st case)

0.6 of _First Fresnel Zone clearance for this “k” val ue.

(fraction) (order)
Di stance on Profile km
G round El evation m above ms.|.
Tree or Cbstacle Height m above ground.
Total Cbstruction Height m above ms.|.
For an assumed upper antenna height of m clearance of
mis realized for “k” = . This provides
(wor st case)
of Fresnel Zone clearance for this “k” value
(fraction) (order)
Distance on Profile km
G ound El evation m above ms.|.
Tree or CObstacle Height m above ground.
Total GObstruction Height m above ms.|.
For an assumed upper antenna height of m clearance of
mis realized for “k” = . This provides
(worst case)
of Fresnel Zone clearance for this “k” value
(fraction) (order)

Wor ksheet 4.4-3 Link Design C earance Check (Exanple)
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Site ldentification
(1) (2) —
(Narme) °  (Abbreviation) (Nane) (Abbreviation)
Site Location and Physical paraneters
(3) Latitude__ __ R — (4) Latitude __ _
(5) Longitude _ __ —  — (8 Longitude _ __ _
(7 Altitude above mean sea (8) Altitude above mean sea
level m level m
(9) UTM Coor d. (10)  UTM Coord.
(11)  Azimuth to (2), (12)  Azimuth to (1),
- — __True _ __True
(13)  Proposed upper antenna (14)  Proposed upper antenna
hei ght above (7), m hei ght above (8),
(15 Proposed vertical diversity (16 Proposed vertical diversity
antenna separation from (13), antenna separation from (14),
m m
(17)  Proposed antenna type, (18) Proposed antenna type,
(19) Size ft, m  (20) Size ft,
(21) Expected antenna gain (22) Expected antenna gain
dB above isotropic dB above isotropic
(23) Design center carrier (24)  Receiver noise threshold
frequency Gt . -174 + 10 log B, + F
dBm
Wrksheet 4.4-4.  Link Design Sunmary, Part
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sec. 4.4.3

sec. 4.4.3

sec. 4.2.14.

sec. 4.2.16

Wor ksheet 4.4-1

sec. 4.4.24

fig. 4.4-33

fig. 4.4-30
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Required waveguide |ength, (26) Required waveguide |ength,
m m

Proposed wavegui de type (28)  Proposed wavegui de type
Wavegui de | oss per standard (30) Wavegui de |oss per standard
l'ength dB per m l'ength dB per m
Wavegui de | oss Ay dB (32) \avegui de | oss Ay db
(including connectors) (including connectors)
Circulator and/or Diplexer (34) Circulator and/or Diplexer
Losses A Losses A

Transmi t dB Recei ve dB
I'solator Losses A (36) Isolator Losses A

Transmi t dB Recei ve dB

Net fixed losses, (31) + (32) + (33) + (34) + (35) + (36),

dB.
Proposed transmitter power ____ watts, __ dBm
Path |ength km
Free space basic transnmission loss, L, dB.
At mospheric absorption, A, dB.
Net loss, (37) + (40) + (41), dB.
Net gain (21) + (22) + (38) (dBn dBm
Expected nedian receiver input power, P, (43) - (42) ____ dBm

Order of diversity used

Type of diversity conbiner used

Rain rate zone

Wrksheet 4.4-5. Link Design Summary, Part 2
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sec. 4.4.44
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fig. 4.2-7 or
(4.2-1)

fig. 4.2-8 and
sec. 4.2.22

fig. 4.2-11 or
4.2-13
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4.4.4 Cal cul ating tower heights

4.4.4.1 The nmininmum antenna hei ght above ground shoul d generally
be at least 4 meters to maintain clearance of security fences, vehicles,
personnel, etc. If sites with suitable elevations are not available, or
if the path is partially obstructed, necessary path clearance is obtained by
increasing the height of the antenna towers at either one or both sites
4.4.4.2 In determning optinmum antenna heights and thus inplicitly
tower height, several factors are inportant for systematic analysis:

a. Terrain clearance required for the particular path.

b. Effect on atnospheric penetration angle.

c. Cost.

d.  Antenna height requirement for adjacent paths with

antennas | ocated on the same tower.

e. Limtations because of |ocal ordinances.

f. Logistics.
4.4.4.3 A systematic analysis considering factors (a.), (c.), (e.) and (f.)
which comes from [2], pp. 3 - 64, appears in table 4.4-1. This nethod
may be adequate for fairly smooth terrain.
4.4.4.4 sing a value of the effective earth’s radius factor k based on
the worst subrefractive index gradient estimated, or on k = 2/3, which-
ever is less, draw a ray path overlay (Section 4.2.15) for the path
between termnals; also on the overlay draw the 0.6 Fresnel zone
clearance fromthe information in Section 4.2.18. Simlar overlays
should be drawn for adjacent paths. On the basis of the six considera-
tions, manipulate the overlays with respect to the profiles to deternine
the desired antenna heights.
4.4.4.5 The tower height required for clearance over snooth earth
increases as the square of the path length. Figure 4.4-2 shows the

relationship for tower height versus path length for k = 2/3. As can
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No. Action Conment Resul t

L [ Plot path profile of hop on Iinear Use maps with 1 : 25,000 scale
graph paper. and up to 5-nmeter contour

intervals, if available; other-
wise, use best available maps
and other reliable information
sources (Field surveys, etc.).

2 [ Plot the radio ray path between the Start from ground elevation even
termnal's, using the procedure given though path goes “under-
insect. 4215 using k = 2/3. ?round”. Thr's will be corrected

ater.

3 | Calculate the radius of the first IS the wavelength in meters; R, in
Fresnel zone, R, at 1/4, 1/2, and d,and d,are defined by the neters
314 of the total distance, d, between equation: d+ d,=d +xr/2.
termnals, using the equation: They represent distances to

dd,\% points on an ellipsoid of revolu-
0.6R, = 0.6 "_'d—) . See sect. tion surrounding the direct path.*
4.2.17 and 4.2.18.

41 Plot appropriate points for 0.6 Rbe- | Repeat step 3 to obtain values
neath the radio ray Fath; plot a smoth | for 0.6 Rat other distances, if
curve outlining the [ower edge of required for accuracy.

0.6 of the first Fresnel zone, by
connecting these points.

5 | Adjust height of |ower edge of zone It is not necessary to raise
until it clears all obstacles, by both ends the sane amount. The
raising height of antenna at each objective is to raise each one
end the required amunt. the least amount possible, which

will result in unequal amounts if
the obstacles are not nidpath.

6 | If the height above ground at either Tower heights may be limted Antenna
end does not exceed the height that by terrain, logistics, |ocal el eva-
can be provided by towers available rules, mobility requirements, tions
for the hop, use this height above cost, etc.

ground as the antenna elevation in
the path attenuation calculations to
follow. If the height above ground
does exceed the height of available
towers, use the maxinum tower
height In the attenuation calculations.

*Note d, d, d, R, and

amust be in the sane units.

Table 4.4-1 Determnation of Antenna Elevations
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REQUIRED TOWER HEIGHT (m)

200

150

100

o

Figure 4,4-2

20 30 40 50 60

PATH LENGTH (km)

Tower Height Required for Smooth Earth Clearance for k = 2/3,
0.6 First Fresnel Zone Clearance and Equal Antenna Heights

70
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be seen fromfigure 4.4-2, an 85 mtower height is required for a 50 km
path while only a 56 mheight is required for a 40 km path.
4.4.5 Li ne- of - si ght propagation over snooth earth and irregul ar

terrain
4.4.5.1 For a linear, isotropic, honbgeneous nmnedium propagation
is in a straight line; the anplitude is subject to the inverse distance
law, and the phase varies linearly with distance. This “free-space”
propagation is a convenient reference for the design of Iine-of-sight
radio links since the nedian atnmosphere and the terrain usually can be
approxi mated as a piece-wi se hormogeneous nedi um by application of
the effective-earth-radius concept. 1In this sense, with proper system
design (site selection, etc.), the reference condition is comonly
achieved for nmedian atnospheric conditions, and the observed signal
variations are not serious during nost of the time. Serious variations
such as deep fading generally occur in certain geographical |ocations
and at particular times of the day and year; i. e., under certain meteor-
ol ogi cal conditions (marked departures fromthe median refractivity
structure) and terrain geonetries. Such conditions are sufficiently
understood in nost cases to be categorized in terns of why, where,
and when, but their predictability is not suitable for inclusion in fornal
probabilistic, telecommunication-systemdesign procedures. However,
these conditions can be described so that the systems engineer, in the
course of his site survey, could recognize those paths for which fading
is likely to occur. As design constraints permt, he can then either
avoi d the cause of fading or incorporate appropriate renedies.
4.4.5.2 The nost basic definitions of fading are in terms of the
propagation mechanisns involved: refraction, reflection, diffraction,
scattering, focusing, absorption, etc., as well as the guiding of radio
waves. These are basic because they determne the statistica
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behavior with time of the neasurable field paranmeters (anplitude,

phase, and polarization) and the frequency or spatial selectivity of the
fading. The purpose here is to describe the manner in which atnos -
phere and terrain support these mechanisns in terms of sinple ray
theory referencing the appropriate sources for further detailed quanti-
tative evaluation. A though sinple ray theory is ideal for visualizing
atmospheric and terrain effects, a full description requires wave
theory, asynptotic propagation theory or extensions of ray theory.
4.4.5.3. It has already been shown in Section 4.2.21 that the transms-
sion loss is free space for line-of-sight links can be expressed as

L=1,-G -G dB (4.4-1)

where all terms are in dB. | is the free-space basic transmission |oss

from(4.2-20), and Gand Gare the expected antenna power gain (relative
to an isotropic radiator) for the systems design conditions. An additiona
attenuation A attributable to atnospheric and terrain effects, nust be con
sidered in system design, particularly in fading situations, when it becones
excessive. For long-termvalue, a termAdB is added to L which repre-
sents the average atnospheric absorption as discusses in Section 4.2.22.

4. 4.6 Refractive index gradients

4.4. 6.1 This section briefly describes sone of the available informa-
tion about the refractive index structure near the earth's surface that
is significant in connection with mcrowave fading nechanisns. Muich
of the material in sections 4. 4.6 through 4.4.20 was taken from [35]
4.4, 6.2 The average bending of an el ectromagnetic wave propagated
through the troposphere may usually be represented by ray theory in
terms of a radius of ray curvature related to the average gradient of
refractive index. |f we assume that the refractive index n of the air
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varies linearly with the height h for the first few tenths of kilometer
above the earth’s surface and does not vary in a horizontal direction,
then the radius of curvature r of the radio ray relative to the radius of
the earth, ra 6370 km my be expressed in terms of the gradient,
An/Ah, by:

An -1
r/r0 = kas[.l‘*‘roﬁj . (4.4-2)
The parameter k is usually called the effective earth-radius factor.

The gradient is usually expressed in terns of the refractivity,
N=(n- 1) 10°, so that

An _ AN -6 - 4.4-3

k= 7h 10~ N units/km, ( )
and .

km[1+(%'3/157]' , (4. 4-2)

where his in km Several values of k and AN Ah are listed in figure
4.4-3, where the corresponding ray paths are illustrated. The vertical
scale of figure 4.4-3 is exaggerated, relative to the horizontal scale,

to make the differences in curvature noticeable.

4.4.6.3 For 0 < k < 1.0, encountered for positive gradients (subre-
fractive conditions), the ray joining two termnals passes close to the
earth. The ray may even be interrupted by the surface (k = 0.33 in

fig. 4.4-3) so that the receiving termnal is beyond radio line of sight. For
the comonly encountered situations -157 < AN/ph'< 0 where 0> k=1,0,
the rays are farther removed fromthe earth’s surface. At the critical
value AN/Ah = -157 N units/km, |k|= = :and the curvature of the ray
path is equal to the curvature of the earth; thus the ray paths are paral -
lel to the earth’s surface. Conditions for AN/Ah < -157 are terned
super critical; the corresponding values of k from (4.4-4) are negative,
and trapping of the radio rays is possible. Consequently, values of
AN/Ah < -157 are commonly referred to as a trapping or ducting
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gradients. The relation between k and AN/Ah, discussed above and dis-
cussed above and given by (4.4-4) is plotted in figure 4.4-4,

4.4.6.4 To illustrate that the range of conditions shown in figure
4.4-4 is realistic, a distribution of average gradients for Cape Kennedy,
Florida, is presented in figure 4.4-5. The distribution was deternined
from February, My, August, and Novenber data selected froma 7-
year period. Prelimnary y investigations for other [ocations throughout
the world indicate that figure 4.4-5 at |east exenplifies maritinme or
coastal locations with relatively smooth terrain. Mich of the available
information is included in a recent Wrld Atlas of refractive index
gradients [39].

4.4.6.5 Note that the nedian refractive index gradient fromfigure
4.4-5 is approximately -60 N units/ km which differs fromthe com

nonly used median value of approximtely -40 N units/km corresponding
to k =4/3. Even nore inportant is the range of gradients which nust be
considered when plotting terrain profiles. A profile plotted for k = 4/3 or
a value corresponding to the nedian gradient can be very msleading -- it
corresponds to a situation that is not particularly significant for fading
situations and can obscure the dynam ¢ nature of nicrowave propagation
through the | ower atnosphere. Preferable procedures are available. For
exanple, charts are comrercially available for plotting the various ray
paths between two terminals (such as in fig. 4.4-3) for a range of k val ues.
This is applicable to any profile but avoids much conmputation when the
profile is a sinple rectangul ar height-versus-distance profile taken
directly froma map.

4.4.6.6 Strong refractive index gradients

occur over a limted range of elevation (layers) at, or above, the ter-
rain surface.

4.4.6.7 Figure 4.4-6 illustrates those super refractive surface gradi-
ients caused by the radiation of heat fromthe surface to a clear sky.
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Refractivity Profile Meteorological Data
200 T T T T T R T T

100

/
h~——

/ Warm  Ground
|
0 ] 1 L / et ] 1 L

290 300 -2 0 2 10 15 20
Refractivity in N-units / km Dew Point, °C. Temperature, °C.

OCCURRENCE: Clear skies and light surface winds at night permit a considerable
cooling of the earth's surface due to the radiation of heat to space.
The air near the surface also cools, resulting in a temperature
inversion.

Figure 4.,4-6 Surface Superrefractive Layer Due to Radiation

4-132



Mo {BRVEER 1977
At night, clear skies and light surface winds pernit considerable cool -
ing of the earth’s surface. This can cause the formation of a tenpera-
ture inversion (an increase of tenperature with height) and produce a
strong super refractive gradient near the surface -- a condition that
can cause substantial fading on mcrowave |inks.
4.4.6.8 Extrenme subrefractive or superrefractive gradients are |ess
likely to occur above rough terrain. Line-of-sight propagation paths
bet ween high points of mountainous terrain will, in general, have nore
linear distributions of gradients with reduced standard deviations
(conmpared to that depicted in figure 4.4-5). Thus the amount of fading
and variations in signal level may be greatly reduced. There are
exceptions to this, such as in the coastal range of mountains of northern
Chile, where larger gradients are attributable to the intrusion of the
trade wind inversion anong the mountain peaks. Al so the nedian
refractive index gradients for oversea paths are less (nore negative),
A detailed, informative treatment of the refraction of radio waves and
the refractive index structure of the |ower atmosphere may be found in

[38].

4.4.7 Deternination of the range of refractivity gradients

4.4.7.1 1f adequate information on the space and tine variations of
refractivity gradients were always available, rather exact microwave
design procedures could be developed. At the present tine, however,
know edge of refractivity variations is somewhat |imted. The avail -
able statistical data are based |argely upon studies of radiosonde obser-
vations (RAOBs) taken routinely by weather services in most parts of
the world. These observations are generally nmade no nore than twice
each day, and at widely separated points (distances of 250 to 400 km
between stations are common in the US.), and they do not provide
sufficient detail on thin atnospheric |ayers which can have a significant
effect on radio propagation. Neverthel ess, statistics accumulated from
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the RAOB data can be used to advantage in the design of |ine-of-sight
links, particularly when there is no record O operational experience
in an area in which a new nicrowave system is being considered.
4.4.7.2 Statistics of refractivity obtained from climtological RACE
data have been used to prepare the “Wrld Atlas of Atnospheric Radio
Refractivity” [3%his presents a variety of information in the form
of maps, graphs, and tables, including the follow ng:
a. Wrld maps of nonthly mean AN (the difference in
refractivity between the surface and 1 km,
b. Mean surface refractivity (N) for each nonth for nore
than 250 stations in all parts of the world.
c. Wrld maps of the surface-based 100 m | ayer gradient
probability, (based upon an analysis of about 100
stations), 4 nonths of the year
d. Cumul ative probability distribution graphs of surface-
based 100 m gradients for 22 stations 4 nonths of the
year.
Thus this atlas provides a conveni ent source of information upon which
to base estimates of extrene refractivity gradients (super refractive
and subrefractive) in all parts of the world. However, it does not pro-
vide as much detail as is desirable for |ink design, except for a rela-
tively few | ocationsand should therefore be supplenented with other
dat a whenever possi bl é&dditional refractivity data for certain areas
may be available fromthe A r Force Environnmental Technical Applica-
tions Center, Washingtom. C. or from communications |aboratories
in various countries.
4.4.7.3 It may sonetines be desirable to obtain RAOB data froma
nearby station and cal cul ate the observed refractivity gradients (for

exanple, during a period of path testing). The follow ng equation is
used [73]:
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4810 e RH
N = % P+ — (4. 4-5)
wher e
N = refractivity in N units
P = pressure in mllibars
= tenperature in degrees Kelvin

&, = saturation vapor pressure in milibars

RH = relative humdity in percent.

Since the gradients are usually given in terms of “Nunits/ knf; the

hei ght interval of the observation nust be noted. Thus, if the refrac-
tivity at the surface is 350 N units and at 100 mthe value is 330, the
gradi ent over the 100 minterval is -200 N units/km A very conven-
ient nomogram [64] is available for determning refractivity directly
from paraneters used in RAOB reports (pressure, tenperature, dew
point), and is reproduced here in figure 4.4-7. Wen carefully used
this provides sufficient accuracy for nost engineering investigations.
4.4.7.4 A graphical neans of obtaining the effective earth’s radius
factor k fromrefractivity gradient data was shown in figure 4.4-4.
4.4.7.5 The limtations of RAOB-derived refractivity estimates
shoul d be kept in mind when applying these data to design problens. A
RAOB station near the coast is likely to experience very different |ow
| evel gradients than a location even a few mles inland. Differences in
elevation terrain roughness, vegetation, and exposure to prevailing
winds may result in significant |ocal variations in gradients. There
also are indications that the extreme gradients sometinmes indicated by
the point radiosonde observations reflect conditions that exist over a

* See Smithsonian Meteorological Tables.
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very small area, and that the average conditions over an entire radio

path in the sane vicinity would be considerably less severe.

4.4.8 Fadi ng nechani sns

4.4.8.1 The significance of the refractive index structure for mcro-
wave fading is best illustrated by the variety of situations that produce
such fading. Here we classify and illustrate these fading mechanisms
and identify the supporting refractive index STRUCTURES. A general

di scussion of the fading signal characteristics and their renedies is
provi ded

4.4.8.2 Fading at mcrowave frequencies for |ine-of-sight paths
through the troposphere may be categorized as nultipath fading and
power fading. Each category includes several fading mechanisns with

characteristics that often permit their identification

4.4.9 Mil tipath fading
4.4,9.1 As the refractive index gradient varies, multipath fading

results frominterference between the direct wave and

a. the specular conponent of the ground-reflected wave

b. nonsecul ar conponents of the ground-reflected wave;

c. partial reflections from atnmospheric sheets or elevated

| ayers; or

d. additional direct (nonreflected) wave paths
These additional direct wave paths in (d.) can occur due to either the
surface layers of strong positive refractive index gradients or the hori-
zontally distributed changes in refractive index -- as may be encounter-
ed with a weather front. These nultipath fading mechanisns are
illustrated in figure 4.4-8
4.4.9.2 The depths of fades encountered for these multipath phenom
ena can be quite severe, depending upon the effective reflection
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Figure 4,4-8 Multipath Fading Mechanisms
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coefficients or the relative anplitudes of the conponent waves. Mecha-
nisns (a) and(c) can produce fades persisting for mnutes. During such
fades the nonsecul ar-ground-reflected conponents (normally small for
smal | grazing angles) can cause additional interference (with the direct
pl us specul ar conponent), providing even deeper, nore rapid fades
having durations of the order of seconds. An illustration of nultipath
fading (direct plus ground-reflected wave) is presented in figure 4.4-9
to show the characteristic return of signal level to, or above, the free-
space value. In figure 4.4-9, a basic transmssion loss [8] of approxi-
mately 139 dB corresponds to that for the free-space signal |evel

Mil tipath fading tends to be less frequent during the day, particularly
during the afternoon hours, when conditions nore closely approach a
medi an or reference atnospheric structure with constant gradients.
4.4.9.3 Figure 4.4-10 is an illustration of the frequency selectivity
of multipath fading and shows recordings of received signals of two
transm ssion frequenci es over a conmon propagation path. On an

i nstant aneous basis the two recordings appear uncorrel ated. Note,
however, that with an allowance for time lag the two signals appear to
be highly correlated. This time lag for high correlation, whichis a
neasure of the effective (frequency) diversity separations is a function
not only of the frequency separation, but also of the refractive index
gradient and its tine rate of change. Thus the frequency spacing of
figure 4.4-10 is inadequate if fades of 20 dB bel ow the 139 dB free-
space |evel are unacceptable.

4.4.9.4 The multipath fading due to the interference from specul ar
ground reflections can be avoided by elimnating one of the field com
ponents. The specularly reflected wave can be severely reduced by
special “anti-reflective wave” antenna arrays [37], [58] or by the use

of Fresnel zone screens [46], [69], and [74]. These devices assune
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Figure 4.4-9 Example of Multipath Fading
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that the range of refractive index gradients will not be too great. For
propagation over rough irregular terrain, this last condition is usually
net, and the effects of ground reflections may then be avoided by the
proper choice of antenna sites or antenna designs. To date, however,
the nost effective counter measure for general nultipath fading over
wide ranges of refractive index gradients is diversity reception [36],
[47], [59], and [60].

4.4.10 Mul tipath characteristics
4.4.10.1 Mltipath fading caused by reflection fromthe sea or |and

surfaces or from layering in the atnosphere produces anplitude varia-
tions of the received signal |evel characterized by: (1) the maxinmum
signal between fades exceeding, to some extent, the free-space |evel

(2) frequency and duration of fades related not only to the path geonetry
and transmission frequency but also to the variation of the refractive
index structure with time, and (3) usually one of a specific famly of
signal level distributions. A quantitative description of these character-
istics will provide a neans of identifying the probable causes of fading
when it is observed

4.4.10.2 The peak values of nultipath signal |evels depend upon the
nunber of signal conponents and their relative anplitudes and sinply
correspond to the sumof all conponent voltages. Sinilarly, the num
her, relative anplitude, and relative phases of the conponents deter-
mne the cunulative distribution of the levels corresponding to their
vector sum The first requirement, therefore, is a description of the
relative anplitudes and phases of the conponent voltages. This is not
practical, at present, for all the situations of interest. Al though

there have been significant advances in the theoretical treatment of
reflection or scattering from atmospheric layers in terms of specific
refractive index profiles [43], [52], and [76], and experinenta
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i nvestigations have been reported, the state-of-the-art has not yet pro-
vided engineering expressions for the magnitude and phase of the nulti-
path conponents that produce severe fades at microwave frequencies

and are attributable to reflection from atmospheric layers. W can,
however, identify the distributions of signal anplitudes that would be
expected; they coincide with those encountered for multipath produced

by reflection and scattering fromirregular terrain, and signal character-

istics will be quite simlar to those shown in figures 4.4-9 and 4.4-10

4.4.11 Power fading

4.4.11.1 Power fading results fromthe partial isolation of the trans-
mtting and receiving antennas because of:

a. intrusion of the earth’s surface or atnospheric |ayers
into the propagation path (earth-bulge fading or diffraction
fadi ng*);

b. antenna decoupling due to variation of the refractive
i ndex gradient;

c. partial reflection fromelevated |ayers interpositioned
between the terminal antenna el evations;
d. "ducting" formations containing only one of the termna

ant ennas; and

e. precipitation along the propagation path.

When a strong atnospheric layer intrudes into the direct propagation
path between transnitter and receiver, the effect is nuch like that

for intrusion of the earth’s surface. For exanple, the energy repre-
sented by ray paths which strike the surface of a super refractive

| ayer, at grazing angles of more than a few mlliradians, penetrates
the layer and is diverted fromthe direct path to the receiver |ocation
The ray path at grazing incidence and those ray paths which pass

above the layer provide a contribution to the receiver in the radio hole
or "shadow' of the layer via the diffracted node of propagation.
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The received signal for these power fading nechanisms is characterized
by a marked decrease in nmedian signal |evel below that for free space
and for extended periods of time. Sone exanples of these fading
nmechani sns are given in figure 4.4-11.

4.4.11.2 Power fading due to subrefractive index gradients is not
likely to happen if adequate terrain clearance is provided, and does not
comonly occur on well designed |ine-of-sight paths. Due to their |ow
probability of occurrence and difficulty of analysis, quantitative predic-
tion methods for such types of fading have not been devel oped, although
their effect is significant because there is no diversity inprovement
and they often last nmuch |onger than nultipath fades when they occur

4.4.12 Power fading due to diffraction
4.4.12.1 The power fades that occur due to diffraction by the earth's

surface are generally caused by a subrefractive (positive) gradient of
refractive index as illustrated by the upper diagram of figure 4.4-11.
This type of fading can persist for several hours and to depths of 20 or
30 dB below the free-space level. Such fading is essentially independent
of small-scale changes in frequency, but may be reduced or avoided by
proper choice of termnal antenna heights

4.4.12.2 In mountainous terrain where termnals are |ocated on

dom nating ridges or peaks, a clearance corresponding to a single
Fresnel zone or less will usually be sufficient. The required cl earance
at md path corresponding to n Fresnel zones in neters is

Cn'58.66 nd/f (4.4-6)

from (4.2-17) subject to the same linmtations as stated in paraqraph
4.2.18.4. Here the path length d is in kilometers and the transm ssion
frequency f is gigahertz. If only a limted range of refractive

Index gradients is encountered, a first Fresnel zone clearance, C,

or less is sufficient. For those mcrowave paths where subrefractive
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index gradients are encountered, increased clearances are required.
Consider a 2 GHz, 50 km propagation path with term nal antennas at
equal heights. The smooth spherical earth diffraction loss for such a
path is shown in figure 4.4-12 as a function of antenna height and path

| ength when the refractive index gradient is 80 N units/km (correspond-
ing to k = 2/3). Cenerally, the path length d in kiloneters, the effec-
tive earth radius factor k (related to the gradient AN/Ah through 4.4-4,
and the antenna heights, h, and h, in meters, for which the path would

be just grazing (i.e., barely line-of-sight) are related by

d=.,/12.74 kh, + J12.74 kh,. (4.4-7)

This expression involves the famliar relation between antenna height
and horizon distance over smooth earth, nodified here for the netric
systemof units. For h,= h, = 36.73 mand k = 4/3, such a path
woul d be just barely line-of-sight. A first Fresnel zone clearance
C=43.3 mfrom4.4-6, wuld therefore require terninal antenna

hei ghts of approximately 80 m Such a path would, however, still
experience an attenuation of 10 dB for AN/Ah = 80 N units/km (see
figure 4.4-12) and 23 dB for AN/Ah = 160 N units/km To protect
against a particular depth of diffraction fading, we must specify the
required clearance in terns of the subrefractive gradients that may be
encountered and the shape of the obstructing terrain

4.4.12.3 Diffraction fading in the sense used earlier may also occur
when a strong super refractive layer is positioned slightly below the
termnal antennas. This was described in the footnote of paragraph
4.4.11.1 and is illustrated in figure 4.4-13. In such a situation the
grazing condition is given by (4.4-7) when the h and h,are the heights
of the antennas above the top of the layer and k corresponds to the

average gradi ent between each antenna and the top of the layer. This
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situation is known as a radio hole in air-to-air applications [48], and [50].
The fading |oss can be severe and may be estimated at grazing from cal cu-
lating the paraneters listed in figure 4.4-14, and using the curve given
therein [49]. The severity of this type of fading will be reduced sonewhat
by terrain reflections or contributions from subrefractive |ayers posi-
tioned below the diffracting layer, which can direct energy back toward the
receiver. These contributions, illustrated in figure 4.4-13, are a function
of the gradients within and below the diffracting layer and also of the ter-
rain roughness. They may, however, also produce nultipath fading.

4.4.13 Power fading due to antenna “decoupling”

4.4.13.1 Power fading due to antenna “decoupling” refers to the |oss of
signal that occurs for transmssion and reception of the signal outside
of, or at the extrenities of, the main |obe of the antenna pattern. For
exanpl e, variations were observed in the vertical angle-of-arrival of
up to 0.5° on a 38.6 kmline-of-sight path [72]. This effect is propor-
tional to the path length and can introduce several decibels of loss for
high gain antennas and long |ine-of-sight paths. Such |osses may be
mnimzed by specifying a sufficiently broad antenna beam so that the
expected variations of the angle-of-arrival are matched or exceeded.
The variation is nost conveniently expressed relative to the angle-of-
arrival for flat earth (k == ) conditions. Thus, at the termnal whose
antenna elevation is h,m the angle-of-arrival froman antenna at an

el evation of h,mand d ,kmdistant, is given (for k = ) hy*

-3
tan® (k = ®) = [(h2 - hl)/ do] 10 7, (4.4-8)
or, for most practical situations where 0, is small
-3 .
el(m) g;[(hz - hl)/do] 10 ~ radians, (4.4-9)

* h,and h,are neasured relative to a cormon reference el evation such
as mean sea |evel.
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For situations that may be approximted by a linear gradient, k is
given by (4.4-4) and the angle-of-arrival will be

tan @ (K) = -79 x 107°[d, /K] + tan 8 (=), (4.4-10)
or

8,(k - 8,(») ~ -7.9 x 107° ay/k rad, (4. 4-11)
For high gain antennas, super refractive conditions (negative k-values)
will tend to enhance the reception of ground reflected rays, and subre-
fractive conditions (positive k-values less than unity) will tend to en-
hance the contributions from elevated layers, etc. This should be

clear from (4.4-10), since k is positive and greater than unity for
common design practice. Negative k-values then cause the angle-of-

arrival to exceed that for which the antennas are oriented. Simlarly
for 0 <k <1.0, the angle-of-arrival is less than that for the design

condi tions.

4.4.14 Power fading due to ducts and |ayers

4.4.14.1 Power fading due to atnospheric ducts and el evated |ayers,
(c.) and (d.) in 4.4.11.1 is characterized by fades of 20 dB and occasi on-
ally greater values. They may persist for hours or days, but tend to
be less frequent during daylight hours. This type of mechanismis the
likely source of many phenomena which have been terned space-wave
fadeouts. The fading is not generally sensitive to small-scale (in-band)
changes of frequency or of spatial position of the antennas, and cannot
therefore readily be renmedied by commonly used diversity techniques.
4.4.14.2 An elevated duct is sonetinmes a conbination of elevated

| ayers, such as the occurrence of a super refractive |ayer above a
subrefractive layer, and has the effect of guiding or focusing the signa
energy along it. The reverse can also occur; the combination of a sub-

refractive layer above a super refractive layer will defocus energy
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introduced within the conbination of lay®os. terminals within such

a conbi nation,the defocusing effect will produce a power fade

4.4.14.3 Qoviously, repositioning of one or both antennas can elim n-
ate the problem-see the two |ower diagranms of figure 4.4-11 -- and
in some situations this is feasible, although najor height changes nay
be required. For effective repositioning of the antennas, sone inforna-
tion about |ayer characteristics (preval ence, thickness, height, etc.)
is required. For example, the likelihood of isolation for long paths is
reduced by locating both term nal antennas at the same height relative
to the expected duct or l|ayer position. For short paths, however, the
l'i keli hood of isolation can be reduced by a sufficiently great difference
in antenna heights to insure that the angle of ray-path incidence at the
elevated layer is at least on the order of a few degrees.

4.4.15 Fadi ngdue to precipitation

4.4.15.1 Power fading can also occur due to signal attenuation by
extensive precipitation along a propagation path [20]. The effects of
this fading can be |essened by route diversity which is the use of an
alternate series of commnication links [54], [63], and has been

di scussed in section 4.2.6.

4.4.16 Combi nati ons of fading nechani sns

4.4.16.1 For nmany propagation paths, nore than one fadi ng nmechani sm
will be involved, their relative significance changing with the refrac-
tive index. Two particular conbinations that can be especially trouble-
some are k-type fading as described below, and surface-duct fading.

4.4.17 k-type fading

4.4.17.1 The k-type fading occurs for propagation over snooth or uni-
formy irregular terrain such as the sea surface, maritinme terrain or
gently rolling (pastoral) terrain. The mechanisminvolves either the
nul tipath fading (direct ray plus ground reflections) or the diffraction
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type of power fading, depending upon the value of the earth-radius
factor k [62]. The two mechani sms suppl enent one another and produce
fadi ng throughout a wide range of refractive index gradients or k-
values. Resulting signal variations are illustrated in figure 4.4-15
which is a graph of the envel ope of spherical-earth transmssion |oss
versus refractive index gradient. It also shows the effect of terrain
roughness (expressed here by the ratio o/ and takes into account the
di vergence-convergence factor under the dynamc influence of the re-
fractive index gradient. The ratio o/axis that of the standard deviation,
o, of the surface irregularities (about a nedian spherical surface) to
the transm ssion wavel ength, X (both expressed in the sanme units).

For a smooth earth (o/x =0), the fading produced by the interference
between the direct wave and the specularly reflected wave i s serious
only over a linmited range of refractive index gradients. For the path
paraneters of figure 4.4-15 as an exanple, the fades due to the inter-
ference nulls can exceed 20 dB only within the range of -115 to -195

N units/kmand for gradients in excess of 300 N units/km As the
surface roughness is increased (o/x >0),the critical region O gradients
for 20 dB fades shifts to nore negative val ues and becones wider --

for o/x= 10. The graph shows a range of -180 to -290 N units/km
Irregularities or roughness that would cause the median terrain surface
to depart slightly froma sphere could also shift the range of critica
negative gradients in either direction. Naturally, these critical ranges,
as well as the region of diffraction fading depend upon the specific |ink
paranmeters (transmission frequency, antenna height, and path |ength)

One aspect should be clear from figure 4.4-15. unless the terrain
roughness is sufficient to shift the critical range of negative gradients
outside of the range of refractive index gradients expected to occur at a
particular location (see figure 4.4-5 for exanmple), reflections fromthe

terrain surface cannot be considered to elimnate terrain reflection
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unless they also partially obstruct the reflected wave over the critica
range of refractive index gradients
4.4.17.2 The effects of k-type fading are reduced by (1) increasing the

termnal antenna heights to provide adequate protection against the dif-
fraction fading for the expected extreme positive gradients of refractive
index; and also (2) diversity reception that effectively reduces the atten-
uation due to nultipath out to the expected extreme negative gradients of
refractive index. An applicable design procedure was first proposed
and denonstrated as reported in [59]. A nore accurate extension of
such design procedures is given in [49] and [67] .

4.4.18 Surface duct fading
4.4.18.1 Surface duct fading is encountered on long, |ine-of-sight,

over-water paths. Sea surface ducts may constitute a sem permanent
condition as, for exanple, in the region of the Bernuda H gh, a high-
-pressure region of the Atlantic between 10° and 30° N latitude. There,
the ducts formless than 2 km from the shore and extend from the sea
surface up to heights of 7 to 20 mfor wind velocities from15 to 55 kni hr
They persist during fair weather and reform after squalls and rain
showers [57]. The corresponding fading mechanismis a conbination of
nul tipath fading (for reflections fromthe sea) and power fading in the
presence of the sea surface duct. These two mechanisms are illustrated
in figure 4.4-16. Because of the continual disturbance of the sea sur-
face, a reflected wave consists of a diffuse or randomy distributed
conponent superinposed upon the specul ar conponent, and its time dis-
tribution is a Beckmann distribution consisting of a constant conponent
plus a Hoyt distribution [40], and [55]. This constitutes the received
field for the upper diagramof figure 4.4-16. Addition of the direct

wave, as in the situation illustrated by the |ower diagram of figure

4.4-16, produces an enhanced or reduced constant conponent due to
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Figure 4.4-16 Surface Duct Fading Mechanism
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phase interference. One effect of the surface duct upon the nmultipath
situation is to provide an increased angle of incidence for the energy
reflected fromthe sea surface. This reduces the reflection coefficient
and thereby increases the ratio of the diffused to specular anplitudes,
and increases the rapidly varying conponent of the reflected signal

The net result is a total signal whose distribution approaches the
Nakagami -Ri ce distribution, a constant plus a Rayleigh-distributed
variable [44], [65], [66], [67], and [71]

4.4.18.2 Surface or ground-based ducts guide or trap the radio
waves by the combination of a strong negative refractive index gradient
(superrefraction, AN/Ah < -157 N units/km and a reflecting sea or
ground. Propagation within the duct has been described in [53] result-
ing froman equivalent linear gradient of refractive index, and is illus-
trated on the right-hand side of figure 4.4-17. The field may result
from phase interference between a direct wave and one to three singly
reflected waves. For sufficiently strong super refraction, doubly re-
flected waves may contribute

4.4.18.3 Surface-duct fading can also be reduced by means of a prop-
er adaptation of procedure [59]. Choosing the initial terminal antenna
hei ghts to provide adequate Fresnel zone clearance (above the ducting

| ayer) avoids the situation shown in the upper drawing in figure 4.4-16.
Simlarly, |ower antenna heights could achieve the situation shown in
the lower drawing of figure 4.4-16. In the latter case, diversity recep-
tion would also be required because of the nultipath effect.

Ml tipath fading characteristics have already been described
in section 4.4.10. In order to obtain distribution curves for the re-
ceived signal |evel values one nust first evaluate the anplitude and
phase relations of the various nultipath conponents.
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4.4.19 The relative anplitudes of the nultipath conponents

4.4.19.1  Theoretical and experimental studies of reflection and scat-
tering fromterrain have just recently resulted in engineering expres-
sions that permt an estimate of the reflected and scattered conponents
[41]. For the particular case of small angles of incidence and the micro-
wave frequencies at which specular reflection fromterrain results in
significant fading, the Fresnel reflection coefficients nodified by a
divergence factor may be taken as essentially unity (with a 180° phase
shift upon reflection). The specular reflection coefficient then becones
equal to the factor q [41]:

a= exp { -m/2}, (4.4-13)
wher e

m = [4#% sin 01°. (4. 4-14)

Here, ois the standard deviation of the irregular terrain about its nean
el evation (as before), » is the transm ssion wave |ength, ande is the
angle of incidence (zero for grazing conditionsk and » nust be in the
same units. The expression for mis recognizable as related to the
Rayl ei gh criterion for roughness (see paragraph 4.2.19.2). The specul ar-
ly reflected conponent is therefore givena,/g, Where g is the geonetric
mean of the transmitting and receiving antenna power gain val ues (as
ratios, not in dB) for the reflected ray path relative to those for the
direct path. In addition to this specularly reflected conponent, there is
the random field scattered by the irregularities of the atnmosphere and/or
the reflecting terrain. The rms value of this non-specularly reflected
conponent depends upon the reflecting surface’s distribution and corre-

lation function, but is alnost always appreciably |ess than

1
Zz

(g -aZJ . (4. 4-15)
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4.4.20 The received signal anplitude distributions

4.4.20.1 In general, the nultipath fading nechanisms produce two or
nore conponents with varying relative phases. Even when several
conponents are involved, one or two of themtend to be domnant. For
this reason, one would generally not expect a Rayleigh-distributed
received signal. The departure from a Rayleigh distribution will take
one of two forms, depending upon the nature of the field conponents.
4.4.20.2 For grazing angles of more than a few mlliradians, the
specul arly reflected wave tends to be small, while the randomy (non-
specul arly) reflected conponents tend to provide a significant contribu-
tion. The signal distribution tends to be |less steep than a Rayleigh
distribution; it consists of a constant direct signal plus a random signa
[42], and [66]. The resulting famly of cunmulative distributions
adapted from[40] and [41], is illustrated in figures 4.4-18 through
4.4-22 as a function of the paraneters B and K These distributions
give the percent of the time that the total field strength r will exceed its
rms value ¥ by an anount given by the vertical decibel scale expressed
by

Z = 20 log,(r/T). (4. 4-16)

4.4.20.3 The ratio of the constant conponent (the direct field) to the
RMS value of the random field is indicated by B on the distribution
curves. The parameter K is a measure of the anisotropic scattering of
the random conponents by the terrain. For a very rough reflecting or
scattering surface, the phases of the random conponents are unifornly
distributed and Kis unity. For less rough surfaces, such asthe sea
in fair weather or rolling, pastoral terrain, the pattern of roughness
differs with direction and K departs fromunity. The distribution of
the randomy reflected or scattered conponents nay be represented by
that for the vector sum of two orthogonal random conponents -- a Hoyt
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distribution. Each conponent has an anplitude that is normally distri-
buted about a mean of zero and the K'is the ratio of the variances of

the two distributions.

4.4.20.4 If there is no constant (direct field) conponent, then B = 0,
and the total field distribution reduces to that for the random conponents,
a Hoyt distribution [42], and [55]. If, in addition, the surface is ex-
trenely rough so that K is unity, the distribution reduces to a Rayleigh
distribution, as in figure 4.4-18 with B = 0. The distributions of figure
4.4-18 for B> 0 are also known as the Nakagam -Rice distribution [44],
[66], [67], and [71]

4.4.20.5 Note that the sumof a direct field and many randomy re-
flected conponents will produce distributions simlar to those given by
figures 4.4-18 through 4.4-22. The distribution, however, actually
inplies only that the sumis that of many random conponents, one of
which is constant and dominant for large values of B; it does not inply
that the conponents have to be reflections. A variety of alternate pre-
sentations of the information in figure 4.4-18 through 4.4-22 is given

in [40]

4.4.20.6 For very small grazing angles the reflected wave is essen-
tially given by the specularly reflected conponent. The cunul ative sig-
nal distribution caused by interference between the direct wave and this
specul arly reflected conponent tends to be steeper than a Rayleigh
distribution for strong specular reflection. The resultant two-conponent
nul tipath distribution are given in figure 4.4-23 for various val ues of
the reflector coefficient a» and the rms field for each case is therefore
JT+a [50]. The total field is indicated in terms of decibels relative
to this rms value. Simlar curves are given in [70]. Again, these
distributions do not necessarily inply a direct wave plus a specularly
reflected conponent fromthe terrain; they merely inply two constant
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conponents with a uniformy distributed difference in phase. Hence
figure 4.4-23, as well as 4.4-18 through 4.4-22, describes conditions
that may be due to any of the multipath fading mechanisns, and addi-
tional information is usually required to distinguish between such
mechani sis.

4.4.20.7 The nost general situation, occurring for noderately small
angles of incidence, involves two constant conponents (direct wave plus
the specularly reflected wave) and a randomy distributed conponent
(caused by nonsecul ar reflection and atnospheric scattering). A
conplete famly of such cumulative distribution curves has not been
conputed, but an illustrative exanple is taken from [50] presented in
figure 4.4-24. There , a, as previously defined, equals unity, and the
rms random field value is indicated by S in decibels above the two-
conponent rns value, 1+ a2:=~/gj Again, the total field r is express-
ed in decibels relative to the total rms field value T.

4.4.20.8 In some of the foregoing distributions, an a priori deternin-

ation of the signal_distribution fromthe paranmeter value depends upon
an estimte of the mean power in the random conponent. In the case of
terrain reflections, an estimate may be obtained fromthe distribution
and correlation function of the terrain irregularities [41]. However,
these are also often unknown. Frequently, a know edge of the param
eters is not necessary; it is usually sufficient to know which famly of
distributions is expected. Alternately, one may be interested in com
paring observed distributions with those of figure 4.4-18 through
4.4-22, so that the likely fading mechanisnms may be inferred

4.4.21 Path fading range estimates

4.4.21.1 Atnospheric considerations. Satisfactory nethods of

estimating fading probability on specific paths fromclimatol ogica
statistics are not available at present. Statistical studies of
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refractivity can, however, provide information on relative gradient
probabilities for different areas, and indicate the seasonal changes to
be expected [39]. The lowlevel refractivity gradients that are of nost
i mportance to |ine-of-sight propagation are very sensitive to variations
in the local surface conditions, and therefore the information obtained
on the site surveys can be useful at this stage of link design. (Qperating
experience on many mcrowave |inks shows that:

a. Fading is nore likely on paths across flat ground than
on paths over rough terrain;

b. There is less fading on paths across dry ground than
on paths across river valleys, wet or swanpy terrain,
or irrigated fields;

¢c. Calmweather conditions are favorable to the atnos-
pheric stratifications that may result in deep fading
these conditions occur nore often in broad, protected
river valleys than over open country;

d.  Fading is likely near the center of large, slow noving
anticyclones (high pressure areas). These are nore
likely to occur in sumrer and fall than in winter and
spring;

e. Fading occurs nore frequently and is nore severe in
sumrer than in winter (in tenperate climtes);

f. Paths with takeoff angles nore than about 0.5° are |ess
susceptible to fading, and the effect of refractivity
gradients is negligible for takeoff angles above 1.5°
[45].

The enpirical nmethod outlined in section 4.2.27 is reconmended for

obtaining path fading probability estinates
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4.4.21.2 As an exanple of the use of this nethod, consider a 50 km
path over flat terrain in a relatively humd region, operating at 6 G

with a 40 dB fading margin:

P =axbx6.0x10-5xfxd3x10-Mf/l($
mf
see eq.
1 s 3 _soj10 § lsge e
=4 x—x6.0x10 x 6,0x50 x10 ; Heo=cc
2 from section
L.
=0.00 9 +2.27)

Therefore, fading exceeding the margin of 40 dB is estimated to occur
during about 0.009% of the year, or 47 minutes. If higher reliability
is required, some change in path paraneters will be necessary. Pos-
sible diurnal variations in circuit loading should also be considered
since on overland paths fading occurs about 5 times nore frequently at
night than in the daytime [ 3]. Thus in the exanple above we night
expect only about 8 minutes of the fading to occur during the daylight

hour s

4.4.22 Diversity on microwave relay |inks

4.4.22.1 Areliable microwave systemcan be made into an extrene-
ly reliable one if proper protective actions are taken. There are many
discussions in the literature about reliability and how to inprove it for
exanple in [4] on page 110 to 117.

4.4, 22.2  Throughout this literature, the key word is redundancy.

For exanple, outage due to equipment failure can be al nost conplete-
ly elimnated if redundant equi pment is available and if a proper nain-
tenance procedure is used. Sinmilarly, to conmbat outages due to

anomal ous propagation, one |ooks for redundant propagation paths.

4.4. 22.3 The nost drastic way in which to supply this latter redun-
dancy is to provide the systemwith two, or even nore, distinct sets of

4-171



M L- HDBK- 416
15 NOVEMBER 1977

relay links which traverse entirely different routes. At the receiving

termnal, there are then available two or more signals which carry the
sane information but which have undergone degradation of different
amounts at different times. By "combining” these signals (often hy
nerely switching to the one that is momentarily the best) one can obtain
a more nearly perfect reproduction of the original information. Be-
cause of the diverse routes involved, this technique is called route
diversity. In a restricted sense (restricted, because no dynamc
switching is involved), this is what long-haul lines of a common carrier
are likely to use. The technique has also been suggested [54] as a
very practical way to conbat precipitation fading at mllineter waves.
4.4.22.4 The alnost universal practice, however, is to use but a
single route and to attenpt to make each link of that route as reliable as
possible. Earth bulge fading, for exanple, is conbatted by carefully
choosing antenna heights large enough so that the direct ray clears all
potential obstacles, even under the nost adverse subrefractive

condi tions.

4.4.22.5 Space-wave fadeouts and other fornms of power fading can be
conbatted by specifying a sufficiently large fade margin by which the
normal |y received signal level exceeds the mninum for satisfactory
performance. Although fade margins as |ow as 20 dB were sometimes
used in the past, today nost |inks are designed to have fade margins of
35 to 40 dB or nore. These high signals, incidentally, are provided

for nore reasons than nerely to protect against fading. If frequency
nmodul ation is used, and if the systemis conposed of many links, the
same fade margins are also needed to neet basic system noise objec-
tives (sect. 4.5.16). Fading, when it occurs, will nost probably effect
only a single link. Athough a 20 dB fade on one link will affect tota
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system noise only slightly, the same drop in signal level on all Iinks
wi |l introduce unacceptable noise levels in the system

4.4.22.6  These first precautions have the highest priority. If, for
one reason or another, it is inpossible to provide high enough antennas
or large enough fade margins, the engineer nmust either look for an
intermediate relay point or resign hinmself to the consequently |essened
reliability.

4.4.22.7 For still higher degrees of reliability, specular and non-
secular nultipath fading nust be considered. Since these are caused
by the destructive interference of two or nore waves, an interesting
situation presents itself. A change in the phase relation between these
waves may change the destructive interference to constructive inter-
ference. This, of course, actually happens as the atnosphere changes
with time and causes the received signal level to go above and bel ow a
given reference value. On an instantaneous basis, the required change
in phase can be acconplished in two ways. One way is to change the
carrier frequency, using the fact that the relative phases involved are
linear functions of frequent y. The second way is to renenber that a
nul tipath field inplies an interference pattern in space, so that a

smal | change in position of the receiving antenna will also change the
relative phases.

4.4.22.8 These observations lead to the techniques of frequency
diversity and space diversity. In the first, the same message is trans-

mtted on two different frequencies. At the receiving termnal, both
signals are received, anplified, and then conbined (perhaps by switch-
ing to the better) assumng that if one fades out, the other will not.
4.4.22.9 \en space diversity is used, there is only a single trans-
mssion, but at the receiving termnal this transmssion is picked up

by two different antennas. For both theoretical reasons and convenience
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it is best to space these vertically along the antenna tower. Then the
two received signals are anplified and conbined, again under the
assunption that if one of themfades out, the other will not. Figure
4.4-25 and 4.4-26 are sinplified block diagrams which show how these
two techniques mght be inplenented.

4.4.22.10 It should be enphasized that neither frequency nor space
diversity will combat power fading because power fading may affect the
entire mcrowave spectrum and |arge regions of space. Wen such
fading appears on one received channel, it is nost likely to appear
simul taneously on the other

4.4.22.11 On the other hand, a large fade margin does help to conbat
both power fading and nultipath fading. In general, the deeper the fade
the more rare is its occurrence. Thus, the larger the fade margin,
the nore rarely will it be exceeded.

4.4.22.12 There are other protective actions that mght be taken

Pol arization diversity is often nentioned, but is of little use. It would

presunmebly entail receiving and conbining signals on two orthogonal

pol arizations. However, at nicrowave frequencies the two polariza-
tions are affected by the atmosphere in alnost identical ways. If one

of these channels fades out, so will the other. (Orthogonal polariza-
tions are often used in frequency diversity systens, but only as a device
to provide added isolation of the two channel s.) _Angle diversity and

node diversity have been tried with some success. They both resenble

space diversity, but use nore conmpact arrangenents for the two re-
ceived channels. (Angle diversity uses two feed points on the same
parabolic dish, while nmode diversity depends on the excitation of a
secondary node in the wave guide leading to or froma large horn
antenna. )
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Figure 4,4-26 Simplified Block Diagram of a Space Diversity System
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4.4.22.13 The term time diversity has several meanings. In its

sinplest form the nmessage is nerely sent twice at different tines.

In a more conplicated formthe message is broken into conponents and
each conponent is sent at delayed times. O a simlar nature are var-
ious coding techniques. When pulse nodul ation is enployed, redundant
or error-correcting codes can be used. Indeed, such techniques are

al most mandatory for high-speed data transmissions. In this regard,

it should be renenbered that nultipath fading inplies the existence

of multiplicative noise which may already render a pul se system inoper-
ative irrespective of any acconpanying fades. Another way to say this
is to note that the frequency selectivity, which is a characteristic of

nmul tipath fading and upon which frequency diversity is based, my

make itself apparent within the channel itself, particularly if that chan-
nel occupies a wide band. This situation inplies frequency distortion
wi thin the channel which nust be countered by other neans.

4.4.22.14 The bulk of today's communication systens, if they use

diversity at all, use either frequency or space diversity.

4.4.23 A conparison of frequency and space diversity
4.4.23.1 As illustrated in figures 4.4-25 and 4.4-26, and diversity

system requires a duplication of equipments is therefore a rather
expensive proposition, and should be considered carefully. There are

many systens where the added reliability is unnecessary, and many
paths over which fading is extrenely rare. In such situations, diver-
sity is an unneeded expense.

4,4.23.2 This argunent, however, can be turned around. If it is
thought necessary to provide redundant equipment as a protection
against failure, then one mght as well use diversity, too. The added
expense wi |l now be negligible, and the added reliability m ght be very

wel cone.
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4,4,23.3 If it is determned that diversity is to be used on a given link
there still remains a decision to be made regarding the type of diversity
to be enployed. As indicated above, the choice, with only mnor exceptions
will lie between frequency and space diversity. Some of the relative

advantages of these two types will be discussed in the subsequent paragraphs

4.4.23.4 It can be shown [68], and [75] that space diversity is pre-
ferable on mcrowave Iinks, and this has been borne out by the [imted
experimental results that are available [36], [51], and [59]. The

introduction of hybrid diversity systems is perhaps indicative of the

advantages of space diversity. In a hybrid system transmssion is on
two frequencies and the reception of these two frequencies is done with
two vertically spaced antennas, thus providing a conbination of fre-
quency and space diversity. However, nost of the existing hybrid
systens [51], and [68] were not really designed in this manner --

they were originally built as frequency diversity systems and |ater
modified to include the spaced antennas because of poor performnce.
However, the overall advantage of space diversity includes additiona
consi derations.

4.4.23.5  The obvious disadvantage of frequency diversity is that it
requires twce the spectrum space. The use of microwave relay systens
is becoming so popular that this is a severe disadvantage. |ndeed, the
spectrum has become so crowded that the Federal Communications
Conmmission in its Notice of Proposed Rule Making, denied the use of
frequency diversity in the private mcrowave services and discouraged
it elsewhere. In its announcement of My 27, 1971, it went a step
further and denied its use to common carriers unless used in a multiple
channel system with one protective channel for at [east three working
channel s. The IRAC, too, discourages the use of frequency diversity.
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4.4.23.6 On the other hand, space diversity is nore expensive than
frequency diversity because of the second antenna and the additiona

wave guide that nust be provided. Oten, the supporting tower nust be
bui It stronger because of the added weight. Also to be mentioned is the
RF power switch that must be provided for the "hot standby” transmit-
ting stage. This is nore expensive and less reliable than the diplexer
needed for the frequency diversity system

4.4.23.7 If, in a space diversity system the hot standby transmtter
is elimnated in the interest of econony, the cost is reduced to al nost
exactly that of a frequency diversity system But usually this is a false
econony because in nost systems the conponent of a relay |ink which
is most likely to fail is not the propagation path, but the final RF stage
in the transmitter. It follows that first priority in inmproving reliability
belongs to the hot standby. An exception might be a systemin which
extremely high reliability is not needed, but in which one link is partic-
ularly prone to nultipath fading. In such a case, the priorities are
changed, and space diversity without a hot standby transmitter may be
reconmended.

4.4.23.8 A second oft-quoted advantage of frequency diversity is that
it provides, ipso facto, two conplete end-to-end electrical paths, so
that full testing can be done without interrupting service. Such testing
of course, can be carried out during normal periods when there is
little chance of fadeouts. Speaking more generally, frequency diversity
provides a spare channel over which low priority information (such as a
test signal) can be sent. The anount and inportance of such traffic my
determ ne whether the spectrumis used efficiently in such a case.
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4.4.23.9  The TD-2 equi pnent of the Bell System[15] is a good
exanpl e of how frequency diversity can be used efficiently. It is design-
ed for heavy traffic routes and, in its original form enploys six dif-
ferent radio frequency channels of which only five are high priority
"working” channels. A route is divided into sections of several individ-
ual hops each. At the end of each section the six channels are noni-
tored, and when the noise on a working channel exceeds a given |evel
instructions are transnmitted back to the beginning of the section where
that channel is switched to the sixth, or "protection" channel. This
makes up what is called a 1-for-5 frequency diversity protection, and
is a very practical and efficient way of providing both equi prent and
propagation protection on a nultiple channel system In addition, the
sixth channel is often used for |ow priority messages such as the trans-
mssion of video tape recordings. The nonitoring and switching equip-
ment is, of course, an added conplication that nust be borne by the

system

4.4, 24 Engi neeri ng consi derations

4.4.24.1 The design of space diversity systens requires a determn-
ation of the spacing between the diversity antennas. Because of the
conpl exities of the mechani sms involved there may not always exist an
optimum s pacing at which the diversity system woul d operate best

under all conditions. Optinum spacings can at present only be cal cu-
lated for very special conditions; e. g., snmooth reflecting surfaces and
a range of constant refractivity gradients [35], and [59]. This situa-
tion is sometinmes held to be a disadvantage of space diversity.
4.4.24.2 The same problens exist in the selection of optimm fre-
quency spacing for frequency diversity systens. However, in this
case the choice is not deternmined by considerations of performance
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but by the currently applicable rules of spectrum managenent. Conse-

quently, there is a relative advantage to space diversity because engi-
neering considerations can be used to determine and optimze spacing
at least in sone cases.

4.4.24.3 Several methods and rules have been suggested [4], [7],
[61], and [68] to select the proper vertical separation between space
diversity antennas. Some of these are very conplicated and depend
critically on the path geometry and the neteorological climte. But it
shoul d be remenbered that any diversity spacing will probably perform
well, so that the rule of thunb which puts the spacing at 200 wavel engths
or greater between antenna centers is adequate [4] p 58. Only in
special circunstances (for exanple, when ground or sea reflections
are involved) nore conplicated methods need to be considered. It
mght be well to add that poor performance on an installed space diver-
sity link may be corrected sinply and inexpensively changing the spac-
ing, while converting a frequency diversity systemto a hybrid one is
much nmore costly.

4.4.24.4 In the case of frequency diversity, the common rule of
thunb requires a frequency separation of at |east 5% of the carrier
frequency. However, TD-2 equipnent described in 4.4.23.9 may use
separations as small as 0.5% of the carrier frequency. This farther
supports the already stated considerations that: (1) the choice of fre-
quency separations is largely determned by considerations other than
propagation mechani sns and system design, and (2) any diversity
arrangement can be used with good effect.

4.4.25 Conbi ners

4.4.25.1 The second area where design approaches for a diversity
systemare in sone dispute is in the choise of combining techniques.
So far we have discussed a sinple switch conmbiner whose output is
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merely the better of the two input signals. However, there are adder
conmbiners, ratio conbiners, and others which make more efficient use
of the two signals, and can inprove performance substantially if ad-
justed correctly.

4.4.25.2 Conbiners can also be classified in accordance with the
point in the system where combining takes place. The exanples in
figures 4.4-25 and 4.4-26 inply conbining only after both signals have
passed through conplete receivers, have been detected, and brought
down to baseband. This is called postdetection conbining, and is wide-
ly used as a sinple and very reliable method. But the signals may

al so be conbined at the IF output or at RF in the wavegui des ahead of
the receiver. Such methods are called predetection conbining. In

principle, the earlier the signals are combined the better is the ulti-
mate performance. Another advantage of the predetection conbiner is
that if arelay point is sinply a repeater, detection is unnecessary and
may be elimnated. The principal difficulty of predetection conbiners
is to adjust the phases of the individual signals so that signals always
add. In recent years predetection conbiners have been nuch inproved
4.4.25.3 Except for frequency diversity signals, which cannot be com
bined at RF, the conbining technique is independent of the type of diver -
sity used.

4.4.25.4 See paragraph 4.5.34.3 and 4.5.34.4 for a discussion of problens
with conbiners for digital systens.

4.4.26 Radi o Frequency interference and radi o noi se

4.4.26.1 Interference from external sources should be considered in
the link design to insure that noise contributions from such sources and
also from sources within the systemwll remain well below tolerable
levels. Co-channel and adjacent channel interference from other Iinks
inthe systemw |l be discussed in Section 4.5. Noise associated with
nodul ation, demodul ation, and the linearity or delay in electronic
nodul es is considered under the topic equipnent internodulation noise
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(sec. 4.5.20). In this and the follow ng section noise types and sources
external to the systemare identified and site nodification and equi pment
t echni ques which can be used to mnimze interference are discussed.
Interference considerations applicable to route selection were treated
in Section 4.2.33.
4.4.26.2 The operating threshold of a radio receiving systemis
determned by (1) the level at the receiving antenna terminals of the
avail abl e powers of the additive unwanted radi o signals and additive
radio noise with which the wanted radio signal power nust conpete
(2) the fading of the wanted radio signals, (3) the fading of the unwanted
additive radio signals, and (4) the fading of the additive radio noise.
The operating noise threshold of a radio receiving systemis the operat-
ing threshold in the absence of any additive unwanted signals.
4.4.26.3 Radio noise may be classified in terms of its source. The
following is a typical list of sources
a.  Natural additive radio noise sources

(1) Galactic noise

(2) Solar noise when antenna points at the sun

(3) Sky noise

b. Man-made additive radi o noi se sources

Power lines or power supplies

Autonotive ignition systens

Fl uorescent lights

El ectric razors

)
)
)
) Switching transients
)
) Door bell buzzers

(7) Electric notors
4,4.26.4 Radio noise from these sources has a spectral energy dis-

tribution that varies nore or less uniformy over w de bandw dt hs
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t hroughout the radio frequency spectrum Figure 4.4-27 indicates

typi cal noise levels and receiver threshold |evels over the frequency
range 1 to 100 GHz in terns of the median operating noise factor F,_in
dB above the kTp watts of thermal noise in a bandwidth b Hz at a refer-

ence tenperature chosen at T,= 288.4° K SO that

10 log (kTp) = 10 log b - 204 dBW (4.4-17)

4.4.26.5 Atrospheric noise at the nmedian level is insignificant at
frequencies above 30 MHz. Only occasional |ocal thunderstorns which
occur approximately 2% of the tine create a great deal of interference
t hroughout the VHF and UHF bands (up to 3000 MHz).

4.4.26.6  The galactic noise curve after a +2 dB allowance for tenpor-
al variations indicates the upper linit for this source. However in any
given situation the galactic noise levels should be calculated considering
critical frequencies and any directional properties of the antenna.

Wien antennas with very narrow beans are directed at the galactic
center, it appears to be about 10 dB "hotter" than the nedian back-
ground noise. Solar noise nust also be considered when using highly
directional antennas. As an exanple, when antennas with beamii dt hs
of 0.5 degrees or less are pointed at the solar disc, the quiet sun is
expected to produce a value of F = 28 dB at 1 GHz which, however,
decreases with increasing frequency at the rate of about 10 dB per
decade. The disturbed sun can also cause these quiet sun values to
increase by 30 to 50 dB.

4.4.26.7 Sky noise due to absorption by water vapor and oxygen is of
i nportance when |ow noise-factor receivers are used with narrow beam
antenna directed away fromthe surface of the earth.

4.4.26.8 Man-made noise levels are derived from neasurenents.
The "urban" data include neasurements from such |ocations as the
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busi ness areas of New York, Baltinmore, Wshington, D. C., Denver,
Mel bourne, Tel Aviv, Haifa, and Jerusalem The “suburban” curve
was obtained fromdata taken at Boul der, a |ocation near Washington

D. C, Melbourne, Tel Aviv, Haifa, and sone locations in England.
The “rural” measurements were made at |ocations as free as possible
from man- made noi se.

4.4.26.9 Man-nmade noise in urban locations can represent the
primary limtation to reception at frequencies up to 10 GHz or sone-
what higher. At present there is insufficient know edge regarding its
dependence on angle-of-arrival, polarization, frequency, antenna
height, etc., to make adequate determ nations of levels likely to be
present at the receiving antenna termnals. Statistical descriptions of
noi se need also to be related to its interference potential relative to the
information being received.

4.4, 27 Sel ective interference

4.4.27.1 Undesired signals radiating fromtransmtters on the same
or adjacent frequencies to the one desired are nmajor potential sources
of interference. Such sources include satellites, satellite ground
stations, radar stations, and other mcrowave relay systems in the
same area. In addition, reflections fromaircraft and precipitation act
as secondary sources. Since aircraft and precipitation both nmove with
respect to the termnals, they cause selective fading and therefore dis-
tort the wanted signal. Above 10 GHz unwanted signals reflected from
rain can be especially troublesone because there is a high probability
that the wanted signals will be attenuated at the same tine the undesired
signal is reflected into the receiving antenna. Quantitative informtion
for estimating the outages due to these various sources will often be
inpractical to obtain but the follow ng considerations should be kept in

mnd when designing a particular Iink
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a. Consider the effect of antenna pattern, gain and polari-
zation on unwanted signal sources.

b. Avoid nmain beam intersections wth undesired
sour ces.

c. Site shielding my be effective when a site nust be
shared with a source of unwanted signal. Shielding may
be acconplished by advantageously |ocating on the brow
of a hill, placing the antenna at a location such that the
unwant ed source is screened by evergreens, or by
actually making a cut in a hill as described in [4], p. 3L

d. Transmssion |ine connections, cable, and conponent
shiel ding nmust be designed to prevent radiation |eakage.
Mechani cal RF switches, shutters and probes nust be
avoi ded or, where necessary, carefully designed to

prevent radiating or picking up unwanted signals.

4.4.28 Equi pnment  consi derati ons

4.4.28.1 This section provides information on available m crowave
equi pment with some of the advantages and linmitations of using it in the
design of a mcrowave link. Items are discussed in terms of function
options, flexibility, environmental characteristics, space requirements
susceptibility to interference, gain, dynamc range, bandwi dth, relia-
bility, primary power requirements, and any other characteristics
which are applicable.

4.4.28.2 Diversity equiprment conbinations and conbiners were dis-
cussed in Sections 4.4.22 and 4.4.25, respectively. The equipment
which will be considered here are antennas, passive repeaters, RF
transm ssion lines, separating and conbining elenments, transnmitters,

receivers, and active repeaters.
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4.4.29 Ant ennas

4.4.29.1 The type of antennas used, and the requirements inposed
on themare determned mainly by the frequency range and the opera-
tional conditions (density of the networks, required junction stations,
extensions planned, etc. ). For the various stations, an optinum com
prom se must be found between efficiency and economy. The essentia
requirements inposed on the antenna relate to the follow ng character -
istics:

a. antenna gain, in the direction of the main beam in
line-of-sight links, antenna gains of over 45 dB shoul d
be avoi ded because of the small half power beama dth
(< 1%, and the greatly increased requirements for
stability and rigidity.

b.  half-power beamwidth, which affects requirenents
for antenna and tower design.

c. attenuation of the side lobes. This is inportant to
prevent interference with other systems working at
the same or at adjacent frequencies.

d. reflection factor, which nust be kept snall, above all
in broadband systens (< 5%, to prevent delay distor-
tion of the signal

The applications of the respective types of antenna are

a. parabolic antennas are especially economcal, com
bining small weight and small space requirements with
|l ow costs. Their side -lobe and back-lobe attenuation
is adequate for low capacity systenms, and for single
broadband radio-relay |inks.
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b. shell and horn-reflector antennas are nore expensive,
but offer a nore favorable radiation pattern and there -
fore are used primarily in broadband systems on |inks
with many parallel radio-frequency channels and at
junction stations to prevent mutual interference.

4.4.29.2 Antenna principles - The propagation of radio waves re-
quires the use of antennas to |aunch the el ectromagnetic wave fromthe
transmssion line into the atnosphere, and collect it again at the re-
ceiving end. The efficiency with which it does this is called its “gain”.
OQther inportant parameters of an antenna are its bandw dth, inpedance
and radiation pattern.

4.4.29.3 Isotropic antenna - The reference to which other antennas
are conpared is the hypothetical isotropic antenna which, by definition,
radiates its energy equally in all directions, so that its “gain” is defined
as unity.

4.4.29.4 Gin - Oher antennas increase the effective radiated power
by concentrating more of this power in a desired direction. Hence,

they are called directional antennas, and are characterized by a “gain”
with respect to the isotropic antenna

4.4.29.5  The power radiated from or received by, an antenna
depends on its aperture area

4.4.29.6 The power gain g of an antenna over the area A relative to

an isotropi c antenna can be expressed by:

g = 4—"§l‘i (4. 4-18)
A
wher e
: : 2
A = actual area in the sane units as x .
n = efficiency of antenna aperture (usually 559%.
A = wavelength at the operating frequency.
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4.4.29.7 The antenna gain, in decibels is

G=101log g = 10 [og T2 * (4.4-19)
A

4.4,29.8 Directivity - The directivity, or lobe pattern actually deter-
mnes antenna gain. An antenna nay radiate in any direction, but it
usual 'y suffices to know the directivity in the horizontal and vertica
pl anes.
4.4.29.9 Beamwidth - Radiation patterns are often plotted in the form
shown in figure 4.4-28. The center of the graph represents the |ocation
of the antenna, and field strength is plotted along radial Iines, outward
fromthe center. The line at 0° shows the direction of maxi mum radia-
tion, while in this exanple at 30° to either side, the voltage has de-
clined to 0.707 of its maxi num value. The decibel ratio of this voltage
to the maximumis:

max

= 3 dB. (4. 4-20)

1
20 log 0.707

= 20 log

These 3 dB points are considered to be a neasure of the antenna direc-
tivity; in this case, the antenna has a beamwi dth of eu= 2 x 30° = 60°

Figure 4.4-28 Typical radiation pattern.

*Unl ess stated otherwise, all logarithns in this handbook are to the
base 10.

4-190



M L- HDBK- 416
15 NOVEMBER 1977

4.4.29.10 These diagrams are frequently plotted directly in decibels
rather than in terms of field strength. In radio-relay engineering it is
al so customary to present the patterns in cartesian co-ordinates
(abscissa = angle, ordinate = gain). See figure 4.4-3lc.

4.4.29.11 Input inpedance at the antenna feed point - Each antenna is
connected to the transmitter or receiver via a feeder; its input inped-
ante establishes a load on the feeder line as well as on the transmtter
or receiver. To have the RF energy produced by the transnitter radi-
ated with minimumloss or the energy picked up by the antenna passed
to the receiver with mininumloss, the input or base inpedance of the
antenna nust be matched to the characteristic inpedance of the feeder.
4.4.29.12 Msmatch gives rise to reflected waves on the feeder Iine.
They are characterized by voltage maxima V., and minima V,,
foll owing each other at intervals of one quarter wavel ength on the line.
4.4.29.13 The paraneter VSWR = V_/V,, or the reflection co-
efficient p, which is the ratio of the anplitude of the reflected wave to
that of the incident wave is representative of the quality of the match.

They are related by:
(VSWR) - 1
(VSWR) + 1°

(4.4-21)

Anot her nismatch paraneter, which is comng widely into use, is the return
loss. which is the decibel difference between the power incident upon a
m smat ched discontinuity and the power reflected from the discontinuity.
See al so paragraph 4.5.21.5.

4.4.29.14 In the case of wideband FM radio-relay systems the maxi-

mum pernissible reflection coefficient p ranges from 1% to 5% in the
case of radio-relay connections of |ow capacity i t nmounts to up to 15%
and in that of single-channel connections to up to 20%

4.4.29.15 Relative bandwidth - Matching of the input inpedance of the
antenna to the characteristic inpedance of the feeder is usually pos-
sible for a certain fixed frequency. \en, however, the antenna is to
work within a wide frequency band or, whithout retuning, within a rela-

tive large range of carrier frfzqtig?cies, its electrical paraneters nust
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remain uniform wthin such bands or ranges. The bandwi dth of an
antenna can be defined as that continuous frequency range over which
the desired match can be achieved. The maxi num val ues of VSWR
defining bandw dths for LOS systens range from between 1.05 and 1.7
to L.
4.4.29.16 Front-to-back ratio - Another measure of antenna perform
ance is the ratio of power radiated fromthe maxi mum (front |obe) to
that radiated fromthe back lobe of the antenna. This is illustrated in
figure 4.4-28, where there is a small |obe extending fromthe back of
the antenna so that in the case of a relay, as an exanple, some of the
energy transmtted can be picked up by an undesired receiving antenna.
The ratio is expressed in dB. As an exanple, if an antenna radiates
10 times the power forward than back, its front-to-back ratio is 10 dB.
Parabolic reflector antennas attain front-to-back ratios of 50 to 60 dB
while 60 to 70 dB ratios can be achieved by horn reflector antennas.
4.4.29.17 Effective radiated power (e.r.p.) - The effective radiated
power of a transmtting systemis the product of the power into the
antenna and of the power gain of the antenna in watts, or

e rn.p " g.p.,W (4.4-22)

wher e

g,= power gain of transmtter antenna,

p,= power into the termnals of the transmtting antenna

inwatts.

4.4.29.18 It is sinpler to express e.r.p. in terms of decibels.
Figure 4.4-29 shows a microwave systemwth a transmtter Power
of +40 dBm or 10 watts. |f the antenna gain (in the maxi num direc-
tion) for this systemis 40 dB, the e.r.p. at point Bis +80 dBm or
100, 000 watts.
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4.4.29.19 If another receiver is located in the direction C, it maybe
subject to interference. Because of the directivity of the antenna, the
signal leaving at the angle © fromthe beamaxis toward Cis less than that
that along the axis at ® =0, For the exanple, let the gain toward C be
30 dB I ess than the maximum gain of 40 dB. Hence, the transmitter
antenna radiates in the direction of Cwith a gain of only 10 dB. The
e.r. p. at Cwll then be 40 + 10 = 50 dBm or 100 watts.

¢ 8

A
Tx

Figure 4.4-29 Illustration of e. r. p.

4.4.29.20 Reciprocity principle - In free space, any two identica
antennas may be used for transmtting or receiving interchangeably.

In practice, this nmeans that the gain and directivity of an antenna are
the same whether it is used for transmitting or receiving

4.4.29.21 Reflector-type antenna - Antennas for application to radio-
relay systens require high gain and good directivity. The desired
radiation patterns are obtained by using reflectors (usually parabolic
reflectors). The basic function of the reflector is to intercept energy
radiated by the feed and reradiate it in the desired direction. In this
process sone energy is scattered in unwanted directions by irregulari-
ties in the reflector surface, lost by transmssion through the surface
or diffracted around the reflector edge. Surface irregularities nust
be small in conparison with the wavel ength in order to mninize such
losses. In practice, they should be less than one -eighth of a wave-

| engt H/8).
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4.4.29.22 The gain of a parabolic antenna is given by:

2
g = 21%é=n(12) (4.4-23
A
A
wher e:
n = aperture efficiency (usually O.BS),
A = true cross-sectional area = - —

4
D = dianeter; ;7 = wavelength (in the same units).

4.4.29.23 Figure 4.4-30 is a graph of representative parabolic anten-
na gains in dB above isotropic for various frequencies and dianeters.
Here, the antenna diameters are given in feet since this conforns to

current nmanufacturers’ specifications.

4.4.29.24 The operation of a parabolic reflector is illustrated in
figure 4.4-31a. The feed point is located at the focus F of the para-
bola. The drawing represents a cross-section through a parabol oid
of revolution. For large circular apertures (i. e., those whose di am
eter is large conmpared to the wavelength) with uniformillum nation,
the beamwi dth between first null points (see figure 4. 4-31c) is

0= ( —ﬁ—)o (4. 4-24)
/7D,

PN

wher e D;\s the dianeter in multiples of the wavelengths. Simlarly,
the beamwi dth between hal f-power ( 3 dB) points is

6 = ( —;l-—)o. (4. 4-25)
J/nD,
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Figure 4.4-31 Directivity of parabolic antennas

4.4.29.25 Figure 4.4-32 is a graph of circular parabolic antenna

beamwi dth versus antenna gain. Because of power fading due to vari-
ations in angle-of-arrival, it is unwise to specify antennas with vertica
beamwi dths | ess than 0.5° (section 4.4.13). Because of feed horn aper-
ture blockage, there is also a mininumsize of parabolic antenna that

is normal |y manufactured at any given frequency. Figure 4.4-33 is a

graph of recomended maxinum vertical aperture widths for use on
LCS relay |inks.

4.4.29.26 In practice, the paraboloid is never illumnated uniformy
but the illumnation tapers off towards the outer edge so that the overal
gain is reduced. This taper is reflected in the formulas by the factor
n. The taper also acts to decrease the sidel obes, thereby inproving
front-to-back ratio and reducing potential interference

4.4.29.27 Dipole elenents are sonmetimes used as radiators from
about 300 MHz to approximately 3 GHz, with resulting antenna gains of
30 dB or nore, but waveguide horn feeds are nore conmmonly used.
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Figure 4.4-32 Nominal Antenna Beam Wdth
as a Function of Gain
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Figure 4.4-33 Recommended Vertical Antenna Aperture
Di mensi on for Line-of-Sight Systens
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4.4.29.28 Four types of inproved parabolic antennas are illustrated
infigure 4.4-34. In (a), two types of feed horns are shown, the
“button-hook" feed and the front-feed type. These antennas provide
only one polarization when a rectangul ar waveguide feed is used, and
both horizontal and vertical polarization with a square wavegui de feed.
Bandwi dth is usually sufficient to cover several hundred Miz; e. g.
from 3500 to 4200 MHz, with a gain of about 40 dB for a 3 neter dish.
New types of antenna provide dual operation in two wdely separated
frequency bands sinultaneously; e. g., in the 6 and 11 GHz bands, with
both horizontal and vertical polarization. This necessitates the use of
two feeds for each antenna.

4.4.29.29 The “Cassegrain” type of antenna shown in (b) uses a
subreflector at the focal point to illumnate the parabola. The sub-
reflector is itself illumnated from the waveguide feed, which is
circular or square in cross-section, thereby allow ng the use of both
pol arizations at once. This antenna is used mainly in radio-relay
applications from2 to 10 Giz, with gains equal to those of horn-fed
types. It has also been used in satellite earth-stations, in sizes up
to 30 neters for both the 4 and the 6 GHz frequency bands.

4.4.29.30 The shield, shown in (c) is used to suppress side and back
| obes in parabolic antennas of both horn-fed and Cassegrain types,
thereby reducing interference and noise. The inside surface of the
shield is often lined with absorbing material to prevent reflections.
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Focal distance
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Sub-reflector
Hotn
[: Waveguide
Waveguide

O U~ ¢ W

a. Two types of b. Sub-reflector with waveguide c. Antenna
horn feed feed (Cassegrain typc) shicld

Figure 4.4-34 Inproved parabolic antennas

4.4.29.31 Horn antennas - Four standard types are shown in figure
4. 4-35; they are often used as feeders for reflector-type antennas.
The horn-reflector antenna, figure 4.4-36, has better suppression of
side and back |obes and nuch greater bandwi dth than a parabolic
antenna with conparable gain. It is fed by a circular or square wave-
guide, so that both polarizations can be used simultaneously. This
permts duplexing of antennas, i. e.,the use of one antenna for both
transmitting and receiving. One signal uses horizontal polarization
while the other uses vertical; the discrinnation thus available is
sufficient to prevent interference between the two signals. This
antenna can al so provide dual operation in two frequency bands sinmul-
taneously with both horizontal and vertical polarization

4.4.29.32 Antenna characteristics for special denmands of frequency
planning - Depending on the frequency range, channel arrangenent,
application, and the equipnent properties, an economc utilization of

the frequency spectrum by a suitable selection of the radio-frequencies
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Figure 4.4.-36  Horn-reflector antenna
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fromthe C. C. |.R recomended channel -patterns calls for certain
antenna properties to keep within permssible lints of interference
between the radio channels used in the same geographical zone. Co-
channel operation, for instances calls for a high front-to-back ratio
of the antennas. Adjacent-channel operation on a route usually calls
for cross-polarization discrinmnation (i. e. ,use of radiators for two
pol arizations in sinultaneous operation). Adjacent-channel operation
at nodal points calls for sufficient sidelobe attenuation at acute angles
and, when several antennas of the same type are used in the sane

| ocation, near-field decoupling nust be adequate

4.4.30 Mechani cal stability of antennas

4.4.30.1 In order to obtain the reliability required for the comuni -
cation system the structure supporting the antenna nust have a |ong
term mechanical stability conpatible with the beam characteristics of
the mcrowave antenna. The structures involved in maintaining this
mechanical stability are the antenna nount and the tower. The strength
and cost of mounts and towers needed for supplying the required re-
sistance to deformation will depend upon the wind velocities and ice

| oading conditions characteristic to the area where the antennas are
being installed. The requirenent for vertical angular stability is
sonewhat nmore stringent than for horizontal stability since the beam
vertical angle of arrival may be shifted by changes in the refractivity
structure of the atmosphere as well as by nechanical deformations.
4.4, 30.2 Two possible types of unwanted nmechanical displacements
of the antennas are elastic displacements (such as a torsional vibra-
tion and sway), and inelastic displacements due to back lash in antenna
mounts, slipping of antenna mount clanps, changes in guy wire stress,
foundation settling, or bending of structural nenbers. The linmt of
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el astic change in horizontal antenna orientation for an antenna mounted
at the top of the tower should be less than 0. 2° during 99% of the tine.
The estimate of wind |oading forces should be based on the tinme distri-
bution of estimated wind velocities for the geographic area in which the
antennas will be nounted and the antenna aperture area for a O 5o
beamwi dt h which should be based on antenna diameters taken from
figure 4.4-33.

4.4.30.3 The limt of horizontal inelastic novement of the tower and
the antenna nount should be such that the horizontal change of antenna
orientation will not exceed +O 1° during its operational life. This

nuch change in orientation may be allowable only from an electrical
beamwi dt h point of view since other nmechanical considerations nmay
necessitate an even tighter tolerance

4.4, 30.4 The tower and mount should be stiff enough that wind and
ice loading do not change the vertical orientation of an antenna at the
top of the tower either elastically nore than +0. 1° for nore than | % of
the time, or inelastically more than +QO 1° during the operational life of

the tower.

4.4.31 Passive repeaters

4, 4.31.1 Many of the same beam stability considerations that affect
the use of an antenna al so apply to passive repeaters. The vertical

di mension of a passive repeater should not exceed the value of D shown

on figure 4.4-33 corresponding to the applicable frequency (see paragraph
4.4.29.25). For larger reflectors, the horizontal width of a reflector

shoul d general Iy be at |east twice the vertical dinmension. This stability

of the beamis much greater in the horizontal plane than in the vertica

pl ane since changes in atmospheric structure affect the vertical angle of

arrival nore strongly. An additional reason for this mnimumratio or dimensions
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isthat the beam dth varies as a function of the projected width of

the reflector perpendicular to the path and not of the actual width.
The projected width of the reflector is equal to the product of the
actual width and cos 0/2 (see figure 4.4-37).

4.4,31.2 For approximate calculations of nedian path |oss, consult

the discussion in section 4.2.21. Additional quantitative information
on passive repeaters can be foundi n [4].

4.4, 32 Gin and radiation patterns of flat reflectors
4.4,32.1 The gain of a flat reflector is [12]:

G = 10 log ﬂ—;il (4. 4-26)
A
wher e A =true area of reflector, in the same units as )\2
x - incident angle.

4.4.32.2 Aflat reflector is nore effective as a passive repeater
than a parabolic antenna since the effective area of the latter is less
than its true area. Furthernore, parabolic antennas are nore expen-
sive and difficult to build than flat reflectors.

4.4.32.3 The radiation pattern of a flat reflector is given by [ 12]:

sin[(nd/)) sin 0]

E = A—d/) sin 0

(4.4-27)

wher e E = secondary field produced by a uniformprimry
illumnation, in the main plane, parallel to side d
d = a side dimension of the reflector, in the same units

as A

® = angl e between beam directions (see figure 4.4-37).
4.4, 32.4 It is inportant to repeat that the beamwidth of the reflector

in the vertical plane can become a limting factor on the size of reflec-
tor just as for active antennas. This happens when the beanwidth in
the vertical plane is snall enough so that ordinary changes in the

angl e-of-arrival exceed some fraction of

4-204



M L- HDBK- 416
15 NOVEMBER 1977

Too narrow beamwidth also requires stiffer structures to resist deflec-
tion under wind and ice loads. However, passive reflectors are not
sensitive to polarization differences.

4.4.33 Conditions of Planarity for reflectors

4.4.33.1 Irregularities in the reflector surface result in scattering
or defocusing of the energy with consequent |osses. The attenuation «
in dB, caused by an irregularity of height, p, is [ 12]:

a = 20 log cos (% 3600) dB (4.4-28)

where p and  must be in the same units. Normal tolerance holds p to
less than /8.

4.4, 34 Radio path with single flat reflector
4.4, 34.1 An exanple of a path with a single flat reflector is illus-
trated in figure 4.4-37. Here,
= 33.0 km
d, = 1.62 km
= 11,000 Mz = 0.0273 m
e = 48°.
The terminal antennas are 3 m parabol oids wth 63% aperture efficiency
so that their effective areas A, = A3= 4.45 nf. The dinensions of

1
the flat reflector are 6 mx 3 m and its effective area A, perpendi cu-

—
|

lar to the pathis 6 x 3 cos ©/2 = 18 cos 24° = 16.5 nf. The total |oss
L is calculated as the sum of the |osses for path d and d,equival ent

to the calculation of free-space transm ssion |0ss:

2,2 2.2
ATd™ d

L =10 log z— +10 log ~—2— (dB) (4. 4-29)
“172 23
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2 2
(\ dle) (\ dle)
= 10 log > = 20 log ———= (dB)
1
AIA 2A3 2
{0 0772\2 {22 0) {1 A2) llﬂnﬂ\z
= 0 10 \Vev&iJ P33 V)] *\2. T4y lvvv,
20 log (16.5) - (7.05)

1"

20 log 542.5 = 54.7 dB.

4.4.34.2 If we use the same exanple as above, but with the reflector
at mid-path so that d = d,= 17.3 km the path loss will increase in

17,3 17.3

the ratio of 20 |og 330162

= 14,9 dB. Hence, the size of the

antenna or the reflector, or both, nust be increased to overcone the
addi tional loss. Coviously, a reflector near one path termnal is nuch
nore efficient. When the loss in either path is less than 6 dB, the
reflector is likely to be in the near field of the antenna, and the arrange -
ment becones a periscope antenna system

Figure 4.4-37 Path with one flat reflector

4.4.35 Tw flat reflectors in one path

4.4.35.1 It is possible to use two flat reflectors in one path, as
shown in figure 4.4-38. In this case, where A = A (usually), the

total loss L can be derived sinmlarly to eq. 4.4-29 and is:
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(3ddd)2
X
L = 1 2 3

10 log ——A1A2A3A4

4.4.35.2 The double reflector systemis often used when the angle of
transfer becomes |ess than about 40°, for larger angles the |ongitudinal

dB. (4.4-30)

di mension of a single reflector becomes excessive. The angles eland e

shoul d be kept as small as possible in order to reduce the |oss.

Azl % \A,
e )
] d ?
d 2
' A 9,
1 \
e
A

Figure 4.4-38 Two flat reflectors in one path

4.4.36 Two flat reflectors to change beam directions

4.4.36.1 Figure 4.4-39 illustrates a double reflector used to change
the direction of a radio beam The two reflectors are usually made
equal in size, so A2::/§“ Furthernore, in practice, A usually
equal s A4. For this arrangenent, the total loss L is given by:

2 2
(xzdldz) ATd,d, )
L =10 log =5 + L_ = 20 log 2 A +L dB (4.4-3
ApAB, T 172 i
wher e l_r = the loss caused by the distance d and sel dom exceeds

1 dBif the reflectors are in each others near fields.

-~

A [P -t~ Angleof
d Z transfer
pd | P \ .
/ d,
A

Figure 4.4-39 Double flat reflector
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Such a system should be used only in extreme cases since it is expen-

sive and difficult to align.

4.4.37 Par abol i ¢ antennas back-to-back

4,.4.37.1 Figure 4.4-40 illustrates the use of parabolic antennas
back-to-back instead of flat reflectors with a wavegui de connecting the
antennas. Normal practice in such cases is to have A ,= A and

A2 = % so that:

2
(A"d,d) )\zdld‘2
= 10 log = 20 log (dB) (4.4-32)
A L]
ARPaBy At
Waveguide

Figure 4.4-40 Parabolic antennas back-to-back

The wavegui de | oss between Azand A ,nust be added to L. Such a
systemas an alternative to using double flat reflectors has the advan-
tage that correct initial pointing is easier and that it has |ess tendency
to become msaligned. However, it is nore expensive.

4.4, 38 Peri scope antennas
4.4.38.1 Periscope antennas, as illustrated in figure 4.4-41 are

used to reduce wavegui de |osses and expense, but on the other hand they
require stiffer towers and have poor discrimnation against interference.
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The reduced wavegui de | osses make this systemespecially attractive
between 15 and 40 GHz

Reflector
- — -
Reflected ray
Tower I
l Dish

Figure 4.4-41 Periscope antenna

4.4.38.2 The reflector is in the near-field region of the antenna, and
its theoretical maximumgain is 6 dB above the gain of the dish.
Practical sizes of antenna and reflector limt this figure to 2 tO 3 dB
and the area of the reflector should be nore than twice that of the
parabolic antenna. The performance also varies with the wavel ength

and with the distance between the reflector and the antenna.

4.4. 39 Diffractors as passive repeaters

4.4, 39.1 Performance on paths with a diffracting nmountain obstacle
can sometimes be inmproved by a diffraction grating screen. Such a
procedure is especially useful at higher frequencies (11 GHz) where
large, truly flat reflectors are expensive and difficult to construct.
The diffractor is a mcrowave version of the optical Fresnel |ens, and
there are two types -- the screen type and the dielectric type. The
screen type acts by blocking off the wave conmponents which woul d
cancel the received field, while the dielectric type shifts their phase to
add to the received field. They are placed on the ridge fornming the com
nmon horizon for a diffraction path, and provide effective gain over the
natural obstacle.
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4.4, 39.2 Figure 4.4-42 shows the position of the diffractor on the
ridge. Since the dielectric type is nore efficient than the screen type,
it can be made considerably smaller. The diffractor does not need to be
on the great circle path between sites.

Diffractor
screens

T R

d (km) —»
Ridge

Figure 4.4-42 Mcrowave diffractor

The gains corresponding to aperture area associated with flat reflec-
tors may be applied to the diffractor or lens type passive repeater

4.4.40 RF transnission lines
4.4.40.1  There are two general classes of transmission |ines which

are used for LOS radio links, coaxial cable and waveguide. Ot her
types such as two-wire lines and dielectric wavegui de are never used.
Coaxial cable and waveguide will be discussed separately

4.4 .41 Coaxial cable
4,4, 41.1 As the state-of-the-art of radio comunication has

advanced over the past several decades, numerous types of coaxia
line have been devel oped to neet the requirenments of system design.
The nost inportant of these requirements for LCS radio links are

mnimum line loss, and ease of installation. The mmjor types of
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interest are the air-dielectric rigid or flexible lines and foam
dielectric flexible lines. Rigid lines which use dielectric beads to
support the center conductor are seldom used above 300 MHz due to
the difficulty of installation

4.4.41.2 At noderate frequencies, say up to 2 or 3 GHz, flexible
coaxi al cables are used for both transmitter and receiver lines. The
avail abl e separators for dianeters of interest include a helical plastic
strip between inner and outer conductors, solid dielectric and foamed
plastic dielectrics. These cables are easily installed in continuous
runs from the RF equipnment to the antennas and are available with
factor y-installed fittings. Field installation of fittings should be avoided
where at all possible. Mst field fittings are nechanical and electrica
conprom se solutions to a problem which is nuch nore effectively
handled in a factory where proper tools and materials and trained
craftsmen are available.

4.4.41.3  Pressurization of transmssion lines is used except with
solid or foamdielectric lines in order to keep moisture out of the line
since water between the conductors and corrosion of the conductors will
greatly increase line loss ,

4.4.41.4 Anost all flexible coaxial cables are covered with a thick
sheath of tough plastic which is an inportant element in the mechanica
structure of the line. This sheath may be renoved fromthe line to

provide an electrical ground connection but since this weakens the
entire structure, it should be avoided. If this is done on bends, it

may cause the line to kink where the sheath has been renoved
4.4.41.5 Athough coaxial lines are inherently broad-band devices,
large dianeter lines are unsuitable at high frequencies, since wave-

gui de modes may be excited which extract power fromand interfere
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with the desired mode. The frequency at which this becomes a problem
corresponds to a wavel ength in the coaxial line dielectric approximate-
ly equal to the average line circunference or
ro-i-ri
XC s 2T —

wher e A is the wavel ength in the medium of interest,

- is the inside radius of the outer conductor, and

"y is the outside radius of the inner conductor
If the line is operated somewhat bel ow the frequency corresponding to
this wavel ength, the waveguide nmodes will be below cut-off frequency
and will not be propagated. Operation at or above this frequency can

lead to serious problems with wavegui de-type propagation in the line.

4.4.42 Wavegui de
4.4.42.1 \Nveguide transmission lines are conmercially available

in sizes suitable for frequencies from300 MHz to 100 GHz. They are
superior to coaxial cables in attenuation characteristics at all fre-
quencies and will handl e higher power levels. They are mechanically
easier to fabricate and sturdier since no center conductor need be con-
tinuously supported. However, size and the requirement for precision
fabrication may increase the cost over that of coaxial cable for the
sane service.

4.4.42.2  Several differently shaped cross sections are available in
wavegui de, with rectangular cross section being the nost common;
other shapes are elliptical, circular, and square. GCenerally, square
wavegui de is used only on antenna feed horns where dual polarized

operation is desired.

4.4.42.3  The propagation of energy in a waveguide is different from

a transverse el ectromagnetic wave which will propagate in free space
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or inacoaxial line. Al wave guide nodes exhibit a field conponent in
the direction of propagation. If this conponent, in the direction of
propagation is magnetic, the node is called a TE (transverse electric)
node; if the conponent in the direction of propagation is electric the
nmode is called a TM (transverse magnetic) node. The individual
modes are identified by dual subscripts as, for exanple, a TE2,1
mode.

4.4.42.4 In constrast to a coaxial line which can be used for any
frequency from dc to that where wavegui de nmodes becones possible, a
wave guide has a |lowfrequency cutoff below which propagation will

not occur in any node. In a rectangular guide, the wavelength L)\COf the
cutt-off frequency is given by

xC = 2a

where a is the inside width of the broad wall of the wave guide

4.4.42.5 For waveguide of elliptical cross-section, the cutoff wave -
| ength depends on the ratio of mjor-to-mnor axes and can be obtained
from manufacturers data. For a typical ellipticity of O 75, it can be
said generally that it exceeds the cutoff wavelength of a rectangul ar
wavegui de circunscribing the ellipse.

4.4.42.6 At frequencies much above the fundamental cut-off fre-
quency ot her wavegui de nodes will propagate. It is desirable to have
only the fundamental node present so there is a range of frequencies
over which a particular size of waveguide is used. These ranges are
specified by the manufacturer

4.4.42.7 The return loss and VSWR of waveguide |ines are strongly
influenced by the regularity of the waveguide cross section. For this
reason, great care must be taken to prevent deformation of the wave-

guide during installation or inspection. This is particularly inportant
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where long Iengths of sem-flexible elliptical waveguides are used
since just one kink or crush will ruin a long expensive piece of wave -
gui de. For continuous-length waveguides, field fitted connectors
should be avoided. It is very difficult to find field personnel who can
consi stently produce a nechanically and electrically adequate connector
installation. If field-fitted connectors are used, great care nust be
taken and frequent inspections made by a qualified craftsman to insure
an adequate | ob.

4.4.42.8 In addition to long lengths of sem-flexible elliptical wave-
guide or 20 -foot lengths of rigid rectangular guide, other waveguide

pi eces are necessary. These include 45° and 90° bends in both polari-
zation planes, 450 and 90° twists, short lengths of flexible tw stable
gui de, and wave guide-to-coaxial adapters. O her conponents made
fromrigid rectangul ar guide are available or can be made up. These
conponents are desirable to conplete a wavegui de installation at the
antenna and equi pment connections

4.4.42.9 If an antenna is to be used for both horizontal and vertica
pol arization, two waveguide runs are generally necessary between
antenna and equipnent. The signals are conbined in a square wave-
gui de polarization filter which is part of the antenna feed horn assenbly.
The isolation between signals of orthogonal polarization in such a
systerm shoul d be 50 to 60 dB.

4.4.42.10 Figure 4.4-43 shows typical attenuation, and range of

single node use of various waveguide transm ssion |ines.

4.4, 43 M crowave separating and conbining el enents

4.4.43.1 By neans of separating/conbining networks, groups of
several transmitters and several receivers are connected to the sane

antenna. For determining circulator and/or diplexer network |osses, the manu-
facturer's specifications should be checked. For new equi pnent, these |osses

shoul d sel dom exceed 1 dB
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4.4.43.2 The following list of such networks may be inconplete but
it contains customary and recommended types for application in radio
relay engineering.

a. Circulator Networks (figure 4.4-44). - These are, for
instance, three-armed circulators, one arm of which is connected to a
filter, while another is connected to a neighboring circulator (or a
termnnation) and a third armis connected to another neighboring circu-
lator (or the antenna feeder). The interconnection of a circulator and a
filter is a separating/ conbining filter elenent.

b. Bridge-type Networks (figures 4.4-45a and 4.4-45b) -
These consist of filter networks and four-arm bridge elements such as
3 dB directional couplers or "magic tees". Twobridge elenents are
connected by two equal filters to produce a separating-filter element.
O the four termnals of a separating-filter element one is connected to
the equipnent termnal, another to a ternination; the two remnaining
ones are connected to neighboring separating-filter elenents or one of
the two terminals is connected to the antenna |ead or a termnation

¢c. Branching Networks (figure 4. 4-46). - These networks
consist of filters whose inputs or outputs are connected in parallel.

d. Polarization Filters (figure 4. 4-47). - Polarization
filters have two termnals for rectangular waveguide going to the trans -
mtters or receivers and one termnal for circular or square wave-

gui de going to the antenna.

4.4.44 Transmtters
4.4.44,1 Figure 4.4-48 is a block diagramof a typical radio relay

transmitter. The transnmitter for a frequency-nmodul ati on system

nornal |y conprises of a baseband group, nodulator, oscillator, trans-
mt mxer, and radio-frequency anplifier. |In direct-nodul ation
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Figure 4.4-48 Bl ock Di agram of Typical Mcrowave Transmtter
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systems, the oscillator which operates at the radio-frequency is
directly nodulated in frequency, and the transmit mxer is omtted.
4.4.44.2  The Baseband Goup includes a pilot oscillator and pilot
tone detector for alarm functions, pre-enphasis networks, and an
insertion anplifier.
4.4.44.3 Mdulation. - The design and efficiency of radio-relay
equi pnent is determned chiefly by the type of nodul ation used. The
various types of modulation eligible for radio-relay systems are
essentially:

a. Frequency-nodul ati on,

b. Pul se-nodul ation (pul se -code nodul ation).
4,4.44.4  Frequency modulation is nost widely used in radio-relay
equi prent and it is the only type commonly used at present for broad-
band systens. The follow ng considerations therefore apply to
frequency-modul ati on systens.
4.4.44.5 The generation of microwave frequencies wth high accura-
cy and stability is possible both with free-running oscillators (e. g. ,
klystrons and solid-state conmponents) or with crystal oscillators and
subsequent nultiplication. A disadvantage of the free-running nicro-
wave oscillators is their conparatively large frequency-drift because
of variations in the anbient tenperature and in the supply voltages.
The frequency therefore nust be maintained constant by neans of an
automatic frequency-control circuit. Either a highly tenperature
conpensated resonator or a harmonic of a crystal-controlled |ower
frequency is used as a reference for automatic frequency control
4.4.44.6 \Wen the mcrowave frequency is produced by nultiplying a
crystal-controlled oscillation, harmonic mode crystals (mostly around
100 MHz) are customarily used to reduce the nunber of nultiplier
stages. Miltiplication formerly was made exclusively by means of
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tubes, but today sem -conductors (variable capacitance diodes, or
step-recovery diodes) are used. At the output of the nultiplier not
only the desired frequency but also other harmonics of the fundamenta
frequency appear, and these nust be suppressed by filters. Moreover,
the noi se problem needs particular consideration in this case due to
spurious responses in sone of the diodes.

4.4.44.7 RF transmitter power values required in mcrowave Sys-
terns range from 100 mMNVto 15 W depending on the frequency and on
the respective transmssion capacity. The RF power may be produced
by klystrons, traveling-wave tubes, or solid-state devices. The power
stage nmust be followed by an output filter in order to suppress harnon-
ics and spurious radiations (approximtely by 60 dB).

4.4.44.8  The power anplifier is one nmodul e which can be changed

wi thout affecting the basic design of the transmtter, There are com
nercially available solid-state power anplifiers with 1 Woutput up to
15 GHz. In the past, power anplifiers were one of the weakest Iinks
in the reliability chain because they required hot-filanent devices.
Extrenely reliable transmitters make it possible to place the RF

stages near the antennas on the towers. Thereby the requirenments for
long RF transmission lines are elimnated and acconpanying |osses and

feeder echo distortion are reduced. Aso the requirement for a hot stand-
by transmtter on space diversity systems is alleviated. RF equi pment may
still have to be placed at the base of towers at sites where nodul ation and
denmodul ation is required, but if modulators and demodul ators are available
with inproved reliability, all mcrowave conponents may be nounted on
the tower even in such cases

4.4.44.9  The devel opment of a transm ssion device called an
injection-locked oscillator which allows the translation of mcrowave
frequencies while retaining the modul ation with very little distortion
elimnates many nicrowave conponents and may supersede the
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conventional transmitter and much of the receiver at sites where form
erly heterodyne repeaters would have been installed. For power |evels
of 10 Wand greater, traveling-wave tube anplifiers will continue to be
used for sonetime since the reliability of such devices continues to

i nprove

4.4.44.10 A large variety of arrangements of conponents and types of
conponents exists and others are being devel oped. Transnitters for

a specific systemwill probably be selected under one single equi pnent
specification stipulating such overall quality considerations as carrier
frequency stability, levels, group delay, linearity, modulator |inear
devi ation range, output carrier-to-noise ratio, and mininum noise

power ratio.

4.4.45 Recei vers

4.4.45.1 As in the case of transmtters, a large variety of conponent
arrangenments and types nmay be used in a commercial receiver and

many others are being devel oped. A block diagramof a typical mcro-
wave receiver is shown in figure 4.4-49. Though not shown in the

bl ock diagram of the receiver, sensing and alarmfunctions are integra
to all mcrowave communi cations systens.

4.4.45.2 A frequency nodul ation mcrowave receiver which, in
general , operates on the superheterodyne principle consists essentially
of a radio-frequency input filter, mxer, oscillator, internediate -
frequency anplifier, limter, discrimnator, and baseband group.
4.4.45.3 The radio-frequency input filter suppresses unwanted
frequencies outside the band to be received (particularly image
frequencies), and at the same tine prevents unwanted spurious enis-
sions of the oscillator frequency and of mixing products

4.4.45.4 In the mxer, which is nmostly made up of sem -conductor

di odes, the arriving radio-frequency signal nust be translated into the
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Block Diagram of Typical Microwave Receiver
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internmediate-frequency (IF) band with as little noise as possible being
produced. Wth presently available diode mxers, a receiver noise
figure of 8 to 9 dB at 1 Gz and of 10 dB at 7 Giz can be obtained. *
Better noise figures are possible using tunnel-diode anplifiers,
paranetric anmplifiers, and nolecular anplifiers; the latter are used
however primarily for communication-satellite systens since externa
noi se contributions with terrestrial systenms negate the advantages of
extremely low internal noise figures

4.4.45.5 The principles applicable to the transmtting oscillators
apply equally to the production of the receiving oscillator frequency.
4.4.45.6  The internediate-frequency anplifier nust have a gain of
approximately 70 dB; to conpensate for varying path |osses it nust
al so have an automatic gain control with a range of at |east 40 dB
Since a high freedom fromdistortion is required, especially in broad-
band systens, appropriate neasures must be taken to provide anpli-
tude and del ay equalization.

4.4.45.7 In the subsequent limter, the synchronous anplitude -
modul ation superinposed on the frequency-nodul ated signal nust be
elimnated as far as possible.

4.4.45.8 The discrimnator which demodul ates the internediate-
frequency signal nust meet high requirements with respect to freedom
from distortion, especially in broadband transm ssion.

4.4.45.9  The receiver baseband group includes a pilot detector

noise limting circuitry, a baseband anplifier, filters, and denulti-

pl exi ng equi pment .

4.4.45.10 In systens with through-connection at internediate
frequencies, the linmter, discrimnator, and baseband circuits are
packaged together with the nodul ator in the nodul ator equi pnent
housing which is required at termnal stations only.
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4.4.45.11 In operatiansignal fromthe antenna passes through a
ferrite isolator which reduces internodul ation noise. The signal then
passes through a waveguide preselector filter that provides a high IF
image injection ratio and elimnates interference from adjacent RF
channel s. The signal is then mxed with the local oscillator output to
produce the 70 MHz I F frequency. The IF output is anplitude limted
and the limter output is applied to a frequency discrimnator, a de-
enphasis circuit, and a noise nuting or squelch circuit that disconnects
the baseband anplifier and demultiplexing equipnent if system noise
i ncreases above a pre-set level. After the squelch circuit, the signa
is passed to the baseband anplifier and then to the demultiplexing
equi pnent where the original intelligence is retrieved.
4.4.45.12 Sone of the overall receiver equipnment specifications
which determine its quality are noise figure, local oscillator frequency
stability, discrimnator linear range, group delay linearity, anplitude
linearity, and the mninum noise power ratio it is capable of providing
A preanplifier may be added or renoved w thout changing the basic
design of the receiver. If a suitable | ownoise preanplifier is placed
at the antenna end of a required long transmssion line, line |oss no
| onger degrades the carrier-to-noise ratio. Therefore, not only can
addi tional receiver sensitivity be gained but the effects of line loss can
be renoved. For mcrowave radio relays |ow noise mcrowave pre-
amplifiers are usually the tunnel diode type. These anplifiers becone
nonlinear at relatively low received carrier levels (-50 to -40 dBm.
Because of this gain nonlinearity and the sensitivity of anplifier gain
to operating tenperature, the followi ng precautions should be taken
when using tunnel diode anplifiers:
a. A preselector filter should be placed between the
antenna termnal and the preanplifier input so that
abnormal Iy high unwanted signal |evels can be avoi ded.
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b. Since the gain characteristics of tunnel diode preanpli-
fiers are usually affected by tenperature and they are
often mounted external to the equipment shelter, a
smal | conpartnent capable of protecting the preanpli-
fier from weather and having reliable thernostatic
tenperature control should be supplied.
c. The input to the preanplifier is the location nost
susceptible to interference
4.4.45.13 Figure 4.4-50 shows preanplifier noise figures as a func-
tion of carrier frequency. These values are based on equi pnent avail -
able at this time. As already noted, noise figures of receivers not

using preanplifiers run higher and are typically as follows:

Noi se Fi gure Frequency Range
10 dB 1to 10 GHz
12 dB 10 to 36 GHz
4.4.46 Active repeaters

4.4.46.1 An active repeater nust be able to performat |east three
essential functions. It must (1) provide gain (up to approximtely

110 dB), (2) change the direction of mcrowave route if required, and
(3) be able to change the carrier frequency slightly to minimze intra-
system interference. (252 Mz is the common frequency shift). There
are basically two types of active repeaters, the denodul ating type and
the non-denodul ating type

4.4.46.2 For an FM FDM system a block diagramfor a typical
denmodul ating active repeater is shown in figure 4.4-51. Its advantages
are mainly flexibility and (at the time of this witing) |ower cost. The
whol e baseband is available allow ng channels to be dropped or inserted
in an efficient manner. The equi pment price advantage occurs as a
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Figure 4.4-50 Nominal Noise Figures for Solid State Receiver
Preanplifiers Commercially Available
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result of the manner in which gain is achieved; usually all of the
repeater gain is obtained at the intermediate frequency and in the

modul ati on - derodul ati on process. The disadvantages of the denodu-
| ating repeater are:

a. It usually introduces nore noise per hop than a non-
dermodul ating repeater, but not when pul se code nodul a-
tion is used and the pul ses are regenerated at each
repeater site.

b. Baseband levels tend to be |ess stable because |eve
variations occur primarily in the nmodul ation and de-
modul ation processes. These variations tend to be
cumul ative in the system

c. The maintenance of modul ator and denodul ator |inear-
ity is critical for holding internodulation noise to a
m ni rum  Thus, the cost of maintaining alignnent
are often larger for the denodul ating repeater than for
the non-denodul ating type

4.4.46.3  There are basically two types of non-denmodul ating repeat -
ers - RF and |F types. The RF heterodyne repeater obtains nost of
its gain by using RF anplifiers, but such a procedure is expensive and
for this reason RF heterodyne repeaters are sel dom used. RF repeat-
ers using injection-locked oscillators may come into greater usage
(see paragraph 4.4.44.9). The |F radio repeater is the npst common non-
denodul ating type, and a block diagramis shown in figure 4.4-52. This
repeater type obtains nmost of its gain at the intermediate frequency
which can be done cheaply and reliably with transistor anplifiers.
4.4.46.4  The choice of using through-connecting at repeater stations
(through-connection at baseband frequencies or at internediate-
frequencies) is determned by technical possibilities (orderwire or
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supervisory circuits) and by econom ¢ considerations as well as by the
traffic demands.

4.4.46.5 In systems using nodulation at intermediate frequencies,
the baseband signal is converted into a FM standardized IF signal in
the modulator. In the RF equipnent, this nodulated IF is converted
into the final RF signal, and raised to the required level. At repeater
stations, through-connection can be made in the IF band. Since, in
this method, no nodulators are used at repeater stations, the system
is free fromthe noise caused by nonlinearities in the denmodul ation, re-
modul ation process.
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Section 4.5 | NTEGRATI NG LI NK DESI GN INTO SYSTEM DESI GN
4.5.1 Cener al
4.5.1.1 Tentative values for various link paraneters are calcul ated

or selected using the information in section 4.4. These paraneters
include antenna heights and separations, antenna types and gains,
transmssion feeder line types and lengths, transmtter powers, and
receiver noise figures

4.5.1.2 Wth these tentative values of equipnment paraneters selected
for individual links, they may be integrated into the system design
Several checks and anal yses nust be conpleted to properly formthe
links into a well designed system

a. The system layout nust be brought up to date with
current information which involves adding information
to system drawi ngs and worksheets (section 4.5. 2).

b. Radi o equi pment bl ock diagrans with associated
equi pment requirenment lists should be nade for each
site (section 4.5.3).

C. Frequency conpatibility nust be assured. A frequency
plan nust be conpleted (sections 4.5.4 through 4.5.7)
and an analysis of intrasystem interference nust be
made (sections 4.5.8 through 4.5.13).

d. The tentative values of equi pment paraneters selected
on an individual link basis nust be checked and
adjusted on the basis of total sys tern performnce
(sections 4.5.14 through 4.5. 35). System perform
ance predictions are made; on the basis of these pre-
dictions. Less reliable portions of the sys tern can be
changed to insure adequate overall noise performnce

to established standards.
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e. Finally, the total system design nust be checked from
the standpoint of overall reliability (sections 4.5.36
through 4.5.40). Systemreliability cannot generally
be predicted accurately, but the system can be exam ned
for weak points.
4.5.2 System | ayout

4.5.2.1 A system layout with updated path, equipnent, and perform
ance paranmeter sunmaries should be prepared. This serves as a basis
for accurate system analyses and realistic cost estimates. The system
| ayout may sinply be a line drawing on an outline map such as the
exanple in figure 4.5 -1. The drawing illustrates the general geo-
metric relationship between the sites and potential intra-system
interference problems. Although this figure represents a real system
no attenpt is made to analyze it specifically in this handbook.
4.5.2.2 To supplenent the layout drawing, three types of summary
wor ksheets are required:
a. a list of antenna locations with site codes, geographical
coordinates, and site elevation (worksheet 4. 5-1 a),
b. a list of parameters pertaining to the antennas and
their orientation to provide information for under-
standing the relationship between the terrain configura-
tion and the equi pment requirenents (worksheet
4.5-1 b), and
c, a summary of parameters for each path to facilitate
preparation of system performance predictions
(worksheet 4.5-2).
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Site Name & Site & Antenna Tower Base Elevation
Antenna Designation Abbreviation Latitude Longitude above m.s.l, (m)

Worksheet 4.5~1 a Site Location Summary
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Antenna
Ident. No.

Site

Path

Pointing
Azimuth

from

True
North

Height
above
Ground (m)

Frequency

I ¥ al & SN

(GHz)

Polari-
zation
(V or H)

Type

Diameter
(ft)

Antenna
Gain (dBi)

(degrees)

Beamwidth

Function
(Rx or Tx)
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4.5.3 Site radi o equi pnent requirenents

4.5.3.1 Requirements for equipnent at each site should be sunmmar-
ized in block diagrams which for sinplicity should show the [|argest
subsystens which adequately define the radio equipnent functions at
each site. Sone subsystenms nmay be broken down into nore detailed
modul es as required. Each block should be given a number, so that it
can easily be referred to in detailed breakdowns of equi pment require-
ments. Descriptions of the various types of equipment in the block
diagram were given in section 4.4.28 through 4.4.45. Figure 4.5-2
Is a typical exanple of a radio equipnent block diagramfor a site
being used not only as a repeater but also for branching and as a radio
termnal. Such a diagramwould be nmuch sinpler for a site used only
as a repeater
4.5.3.2 Two inportant uses of the block diagrans are:
a. they insure that each equipment conponent will be
considered individually and that none will be over-
| ooked, and
b. fromthe equipnent lists, a realistic cost estimte
can be prepared in the formof lists and tables wth
conments on each piece of equipnent included in the
diagram Sone of the information in the comrents
may concern mlitary specification (if applicable),
manuf acturers' and nodel number, cost, acquisition
lead tinme, insertion gain or |oss, bandw dth, VSWR
physical size, isolation, etc. The block diagram may
al so be used to show sone subsystem paraneters such
as RF transmt and receive frequencies, transmtter
power, intrasite MJX channel routing, the path designa-

tion of the antenna, etc
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E 1s _f ANT ) ANT )
,>z._,_v nklinkrait EY, 44
ANT - Aantenna
BP - Bandpass
Filter
C - Circulator ANT
ANT II— CM - Combiner >Z.=.Au . 61 J
2 DEMOD - Demodulator
gp | [PEMUX - Demultiplex
24| IS - Isolator
MOD - Modulator
, MUX - Multiplex
PRE - Preamplifier
RX - Receiver
SW - Switch
TL - Traansmission)
Line T|||
TX - Traosmitter Iar Q\Ow& ﬁn.oo .—
\
18 _ww
b I 52 7
Z 54 BP, 1s,, BE,
. 48
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S
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15 41 35 |||
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33 3 M RX
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20 17 16 M EMT i % > 5
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DE-
DE-
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Figure 4,5-2 Site Radio Equipment Block Diagram
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4.5.4 Frequency conpatibility
4.5.4.1 Adherence to established national and international regulations

is essential to achieve interference free operation.

4.5.5 General aspects of frequency allocation

4.5.5.1 Wthin the frequency bands that are allotted to mnicrowave
systems by international conventions, the C.C.I1.R has worked out
radi o-frequency channel arrangements for the various systems indi-
cating the nunber, frequencies, and spacing of the RF channels that
can be used within the respective bands. Mst of these arrangenments
mor eover contain reconmendations regarding the nunber and prefer-
able polarization of the RF channels that nmay be carried over a conmon
ant enna
4.5.5.2 The provision of radio-frequency channel arrangements is
i ndi spensabl e considering the foll owing objectives:
a. t hrough- connecti on of nicrowave systens across
national borderlines;
b. prevention of mutual interference between neighbor-
ing countries in the border areas;
C. optinmum utilization of the available RF spectrum
d. prevention of mutual interference within countries
having great traffic densities.

4.5.6 Ref erences to appropriate sections of the Radio Regul ations
4.5, 6.1 Article 3 of the Radio Regulations [99] provides genera
rules for the assignment and use of frequencies; Article 4 provides

information on the conclusion of special agreenents between two or
more Menbers or Associate Menbers of the I.T.U regarding the
sub-al l ocation of bands of frequencies, and Article 5 sets out the allo -
cation throughout the world of frequency bands extending from 10 kHz
to 40 GHz,
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4.5.6.2 Revisions to the Radio Regulations were made at the Extra-
ordinary Admnistrative Radio Conference in Geneva ( 1963) and a

resol ution was drawn up relating to satellite systems and fixed and
mobi | e services in the frequency band 1525 to 1540 MHz. Recommenda -
tions relating to the sharing of frequency bands between communication-
satellite systems and terrestrial radio-relay systems were also

drawn up.

4.5.6.3 O the recomrendations adopted at the Extraordinary

Adm ni strative Radio Conference, Geneva, Recommendation 1A relates
to the calculation of coordination distance. The C C I. R have sub-
sequently studied further the problems associated with coordination
distance and, at the Xith Plenary Assenbly at Oslo (1966), approved
Report 382 which deals with its determnation [8 1].

4.5.7 Choi ce of one or nore frequencies from those available in
t he radi o-frequency channel arrangenent

4.5.7.1 Once a frequency band has been chosen, the individual
channel frequencies should al ways be arranged in accordance with

C. C I|I. R recomendations shown in table 4.5-1 and figure 4.5-3.

The frequency range is subdivided into two part s, the lower half of the
band and the upper half. These two halves are separated by a center
gap which is larger than, or equal to, the spacing between the center
frequencies of two adjacent channels. A frequency pair is designated
f! f!
4,5.7.2 If the frequency spacing of a single pattern (preferred) has

as f, f', or f, f', etc.

been kept sufficiently large in relation to the nodul ation bandwi dth, an
addi ti onal channel assignnent may be made. The latter arrangement
is displaced by half the original channel spacing frequency, and may
be interleaved with the preferred arrangement. |f dual arrangenents
of this kind are enployed, the nutual decoupling requirenments nust
be fulfilled.
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Lower Band Upper Band
f 1 __N mu f 4 ns. .“..— m.N »..w n.b _n"u
£
1 A 1 1 /4 N N 1 1 1 r /7 1
/) /N
- At Center Gap
{ | | |

Figure 4,5-3 C,C,L R, Frequency Channel Arrangement
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4.5.7.3 \Were tw or nore radio-frequency channels are to be pro-
vided over a route, frequencies should first be assigned either from
the odd-numbered group of channels or from the even-nunbered group,
but not fromboth since this would require the use of two antennas at
each end of each section. As an exanple, when all the channels from
the odd-nunmbered group have been assigned, further expansion from
the even-nunbered group woul d be provided by neans of a second anten-
na with polarization orthogonal to that of the first antenna (see figures
4.5-4 and 4.5-5).

4.5.7.4 Figures 4.5-4, 4.5-5 and 4.5-6 show how a full conple-
nent of channels can be arranged. |f separate antennas are used to
transmt and receive, two will be required at each end of a section

irrespective of the actual nunber of two-way channels to be provided

initially.
/ 135 52 \ / 35 54 \ /
HV) ) v veo) [ww
\ 35 sS4 / \ 135 s2 / \
- - -
/ \

[ _wsst N\ [/ _wess_ \ /

(V(H] V(Hn {H(Vl B} H(Vﬂ {V(H)

2°4'6°'S) 246 S
\ / \

Figure 4.5-4 Single Polarization Antenna Arrangenent for the 2 and
4 GHz Bands

Note 1. S 1, 2, 3, and 4 are the CCR preferred auxiliary channels, in order of
frequency.

Note 2: Alternations of polarization in every two hops are available for reduction
of overreach interference
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Figure 4.5-5 Bipolar Antenna Arrangenments for the 6 GHz Band
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Figure 4.5-6 Separate Transmt/Receive Bipolar Arrangenent
for the 6 G Band
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4.5.8 The production and the effects of unwanted couplings

4.5.8.1 In planning a radio system conprising any nunber of sec-
tions in tandem the initial choice of whether a terminal station shal
transmt in the upper half of the frequency band and receive in the | ower
hal f, or vice versa, is arbitrary, but once chosen this high/low fre-
quency pattern remains constant for any one station and any one fre-
quency band. When, however, a systemis being planned to provide
an alternative route between two points which are already connected by
a radio-relay system the high/low frequency pattern of the common
termnal station is already determned, and the pattern of the new
route nust conformto this established pattern if it is to operate in the
same frequency band. This can be done by choosing the nunber of
repeater sections in the newroute to be either odd or even, depending
on whether the nunber of sections in the original route is odd or even
For exanple, if the original route contained four repeater sections
the new route may contain two, four or six sections, but not three or
five (it is unlikely that fewer than four sections could be used since it
is reasonable to assune that the original route used the |east nunber
of repeater sections for the distance involved).

4,5.8.2 Figure 4.5-7a shows an exanple of an unacceptable fre-
quency plan where stations A and B are each receiving signals in the
|l ow and high halves of the band sinultaneously, and consequently both
are required to transmt sinultaneously in both halves of the band.

The direct path fromstation Hto station B cannot be used and signals
bet ween them nust be routed via station C.  This re-routing action
corrects the high/low frequency pattern at both station A and station
B, as shown in figure 4.5-7b. Further deficiencies of the arrange-
nment of figure 4.5-7a are evident, nanely:
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F1

/

F1
X
F
Fr Er 1
Fy
F1
0
E
A
J

F1 Fr

F1
F
Fy i
F /.
rf\\\t)_—.___‘("'
J F1

o]

a. Not acceptable because
of severe interference
at A and B and sl
angle 8 ; also overreach
DA ECand J-X

b. Acceptable

(Frequencies for only one direction of transmssion are shown in order
to sinplify the diagram frequency F1 is in the low half of the band;
frequency F1' is in the high half of the band. )

Figure 4.5-7 Frequency Assignments for Networks on a Two- Frequency
Basi s
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a. the angle between the two paths at J is too small and co-
channel interference would be experienced.

b. overreach signals fromD to A J to X and E to C could
occur, giving co-channel interference. The cure would
be to stagger the route so that the transmt antennas at
D, J and E do not point in the directions of A X and C

4.5.8.3 On very lightly loaded routes that are unlikely to expand

i.e., those conprising only one or at the nost two hi-directional radio-
frequency channels, it may be possible by very careful selection of
frequencies to contravene this “rule” concerning the preservation of the
hi gh/1 ow frequency pattern. This could save the cost of one repeater
station, but if at some later date nore channels in the same frequency
band were required, it would not be possible to provide them w thout
provision of the repeater station originally saved. To insert an extra
station into an existing route cannot be done without considerable diffi-
culty and cost and, inevitably, some dislocation to the traffic on the

route.

4.5.9 Types of interference
a. Co-channel Interference (Section 4.5.10)

This termrefers to interference froma source, nodu-

lated or otherwi se, having essentially the same frequency as the wanted
carrier within expected stability limts. \Wen the interference is
caused by the beat between two relatively high level carrier conponents
having a frequency separation which falls within the baseband of the
want ed signal, the predominant interference will be single-tone in char-
acter. \When the carrier frequency separation falls outside the base-
band range of the wanted signal, and when the interference is froma

di spersed signal; the character of the interference will resenble that

of random noi se
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b. Adj acent Channel Interference (Section 4.5.11)
This termrefers to interference due to the presence
of one or nore radio-frequency carriers, nodulated or otherw se,
i medi ately adjacent in frequent y to that of the wanted nodul ated car-
rier. The term adjacent is normally taken as indicating the adjacent
channel in the frequency channeling plan which has been adopted.

. Direct Adjacent Channel Channel Interference
(Section 4.5.12)

As in case (b) above, this termrefers to interference
due to the presence of adjacent carriers which may be present when
interference due to (b.) above has becone negligible. The nechani sm of
the interference, however, requires the interfering carrier to be
modul at ed.

d. Gther Forms of Interference (Section 4.5.13)

This termrefers to interference which can arise either
from external sources or from unwanted interactions within the radio
equi pment such as, for exanple, the image response of the receiver.

4.5.10 Co-channel interference

4.5.10.1 Co-channel interference arises when there is excessive
interaction between signal sources operating on the same, or very
close frequencies. It is current practice to transmit a common carrier
frequency (FI) fromevery alternate repeater station of a radio-relay
system The remaining stations of the systemtransmt a second car-
rier frequency (F1') which differs fromthe first by an amount which
depends on the particular frequency plan enployed (see

and 4.5-9). This arrangenment can result in overreach interference
where station A transmitting on frequency F1 illum nates the antenna
of station D, and vice versa (see figure 4. 5-8). Protection against
such interference is normally provided by careful site selection, and

by ensuring that sufficient antenna side-lobe suppression given by the
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Station Station Station Station

The ratio (wanted signal/interfering signal) depends on the gain of the antennas at
angl es ¢ and ¢_ relative to the gain in beam and difference of propagation |osses

bet ween naln ang overreach Paths

Figure 4.5-8 Exanple of Overreach Interference

(\\ (/) ( \"\
‘%‘:‘"/’ \ Y

(—>—) main patn (=—o——") tnterterence path

B. Results frominsufficient front-to-back antenna discrimnation
D. Results froma reflection from nearby trees, hill or building, etc., at point X

Figure 4.5-9 Exanple of Adjacent Station Interference
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angl es ¢ and.¢2is provided. In difficult cases it may be possible to
provi de additional protection by orthogonal polarization of the wanted
and unwanted signals. This is not always practicable if, for exanple
a spur route branches off from one of the stations and it is desirable
to provide cross-polar discrimnation between the main route and the
spur route. Interference may also be reduced by using an interleaved
frequency plan over a critical section. In such a plan all carrier fre-
quencies are changed in the same sense by an anount equal to half the
adj acent channel frequency spacing. This value is approximately 14.5
MHz in the 2 Gz, 4 GHz and 6 GHz bands when using standard
C.C.1.R recommended frequency plans (see Recommendati ons 382-2
and 383-1 [81], or 20 MHz when using other C.C. I.R frequency
plans (i.e., for 2700 tel ephone channels, 11 GHz systens, etc.).
4.5.10.2 Potential advantages of such an arrangenent depend on the
channel baseband width in relation to the spacing of their carriers, and
also on the relative carrier levels. It is generally desirable to use a
carrier frequency spacing of not less than three tinmes the highest
baseband frequency so that the first-order sidebands of one channel do
not overlap the second-order sidebands of the other channel. O oser
spacings in terms of multiples of the highest baseband frequency may
be used with care, depending on the relative levels of the wanted and
unwanted carriers and the degree of interference that is acceptable.
4.5.10.3 A further interference nmechanism can be seen in figure
4.5-9 where radiation at frequency F1' from the back of the antenna
at station Bis received at station A Even when the front-to-back dis-
crimnation of the antenna is sufficient (at least 65 dB) to reduce this
interference to an acceptable level, reflections from nearby objects
can cause problens as shown at station D (figure 4.5-9). Reduction

of this type of interference can be achieved either by antennas of
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improved directivity (including less radiation fromside |obes), by the
use of a nmore suitable site, or possibly by the use of an interleaved
frequency plan.

4.5.10.4 Figure 4.5-10 shows an exanple of interference from a spur
or crossing which is simlar to that shown in figure 4.5-9 (case D)
except that here no reflection need to be involved and the relative gain
of side lobes controls the interference level. If, on the main route
signals of the same frequency arriving from opposite directions are of
the sane polarization, the spur route can be cross-polarized with
respect to both directions. If, however, the main route signals are
cross-polarized (and there is not necessarily any advantage in this)

the spur route should be cross-polarized with respect to the direction
with the least angular separation

4.5.10.5 In sone cases it may be possible to reduce the effects of co-
channel interference by applying dispersal to the unwanted signal. Dis-
persal involves phase-deviating the carrier by several radians at a

x Y Fr
F1 i;) (‘\\ = )
g Ly 2 )

(—’-——) Main path (—-—b——) interference path

The ratio (wanted signal/interfering signal) wll depend on the front-to-side
discrimnation of the antennas X and Y.

Figure 4.5-10 Exanple of Spur Route Interference
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slow rate and spreads interference over many channels at reduced

| evel s which would otherwi se affect a few tel ephone channels at higher
levels. The reduction in interference is nost pronounced in the |ower
frequency channels which are subject to the highest interference |evels
which are those caused by the beat tone between the wanted and un-

wanted residual carriers.

4.5.11 Adj acent channel interference

4.5.11.1 Adjacent channel interference can arise when (for a given
baseband wi dth and adjacent carrier separation) suppression of the
adjacent carrier and overlapping unwanted sidebands is inadequate
The reduction of interference fromthis source to an acceptable |eve
depends upon several factors. First, adequate separation of the adja-
cent channel spectra nust be provided, and this is taken into account
in the radio-frequency channel arrangenments recomrended by the
C.C.1.R Second, adequate RF and IF selectivity nust be provided to
reduce the level of unwanted adjacent spectra. In providing such
filtering the equipnent designer nust take into account the possibility
of introducing distortion into the wanted signal path. Third, cross-
pol arized discrimnation between adjacent channels should be used to
suppl enent the selectivity provided by filtering. Cross-polarization
discrimnation of some 25 to 30 dB is both practical and necessary.

4.5.12 Direct adjacent channel interference

4.5.12.1 Direct adjacent channel interference arises when the wanted
and unwanted signals are together subjected to anplitude limting. It
is believed that partial conversion to anplitude nodul ati on of the un-
want ed frequency-nodul ated signal takes place on the selectivity
skirts of the wanted channel. This anplitude nodul ation is denmodu-
lated in the limter of the wanted channel, denpdul ates the wanted
signal, and appears at the discrimnator output along with the wanted
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signal. The end effect is intelligible crosstalk, and the level of the
interference varies by 2 dB for each 1 dB variation in the wanted-to-
unwanted carrier ratio. Interference fromthis source may be reduced
to acceptable levels by proper equipnent design. Together with the
cross-polarization discrimnation between adjacent channels, adequate

selectivity nust be provided prior to limting

4.5.13 Ot her sources of interference

4.5.13.1 Interference can occur within a systemas a result of defi-
ciencies in the equipnment itself. For exanple, a superheterodyne
receiver has several sensitive regions at which interference can be
recei ved, namely:

Frequency differential between
received signal frequency and

Sensi tive region nultiples of the IF
Channel carrier frequency 0; #1/2 IF
Local oscillator frequency and + | IF

i mge frequency
+ 2 |F
+ 3 1F

4.5.13.2 Adequate selectivity prior to the |owlevel mxer is neces-
sary to desensitize the receiver in all regions but that of the channe
carrier frequency.

4.5.13.3 The designer nust also ensure that the outputs of all |ocal
oscillators are of high spectral purity; i.e., as free as possible from
spurious signals, random noise and both |ong-term and short-term

frequency changes. Spurious signals in local oscillators can arise
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frominperfections of the crystal itself, inadequate filtering of unde-
sired crystal harmonics or self-oscillation, and general instability in
varactor nultiplier chains

4.5.13.4 A further interference mechani smexists on systens which
enpl oy common antennas and feeders to transmt and receive nore
than one frequency band. Al wave guide feeders exhibit anplitude non-
linearity to some extent, mainly resulting from inperfections at
joints. Such non-linear elenents result in internodul ation between
the outputs of two or nore transmitters, and the resulting unwanted
products may fall close to receive frequencies either in the same fre-
quency band or in a different frequency band fromthat of the originat-
ing transnit channels. A careful selection of associated frequencies
and quality control of the waveguide joints is required to avoid the
worst effects

4.5.14 Hop/ System noi se performnce estinates

4.5.14.1 Required performance levels are described in the follow ng
par agr aphs.

4.5.15 DCS noise requirenents

4.5.15.1 Once the link and systemlengths are fixed, the tota

nedi an noi se allocation can be calculated. A useful figure is to allow

3 pWO of voice channel noise per kilometer of actual systemlength; that
is, the sumof all individual path length (see [3], p22). This figure

i's an approachabl e and probably realizable nunber. This basic assunptions
for noise allocations is that for long systems (say 1,000 to 10,000 kn),
the total noise will remain within the allowable linits. Sonme individua
hops may have more nedian noise than allocable and sone |ess.

4.5.16 Calcul ate hop noise allowance.

4.5.16.1 Initial calculation procedures are illustrated by an exanple.
Consi der the system shown in figure 4.5.11. Sites 1, 4, 7, and 9 are
termnal |ocations where the FMsignal in modul ated from and
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denodul ated to baseband. At this stage of the design, we need not be
concerned if the baseband is built up fromor broken down to voice
channel s, groups or super groups at these locations, since multiplex
noise will be evaluated at a later point in the design.

4.5.16.2 Sites 2, 3, 5 6, and 8 are repeater locations. In our
exanpl e, heterodyne repeaters are assunmed since their noise contri-
bution is |ower than that from baseband repeaters.

4.5.16.3 Presumably, traffic density studies, frequency plans, and
prelimnary equi pment parameter selection have been made

4.5.16.4 For purposes of the exanple, assune that 600 voice channels
are required between sites 1 and 9 using an FM FDM system operating
in the 7.125 to 8.400 GHz band. Two other parameters may now be
consi dered, receiver noise figure and per-channel deviation, [|f equip-
ment on hand is to be used, obtain these nunbers from operations and
mai nt enance records. |f new equipment is to be used, obtain values
fromthe manufacturers published figures. If none of these figures
are available, refer to paragraph 4.4.45.13 for a realizable receiver
noi se figure and select a value of per channel or peak carrier devia-
tion fromtable 4.5-2. For exanple, a 10 dB noise figure and 200 kHz
per channel RMS deviation fixes the |F bandwidth at 20 Mz.

4.5.16.5 Wth these equi pment and operating paraneters we may
proceed with the system calculations. The total length of the system
is 300 kilometers (sumof the individual hop lengths). The total noise
al l owance (excluding multiplex and through-group or through-
supergroup noise is therefore 900 pWO for this section (3 pWO per km.
4.5.16.6 Next one-eighth of the total noise is allocated to each of the
eight radio hops. This sinple procedure is used because there wll

not be any appreciably different thermal noise between |onger and
shorter hops since each will be designed to have a received signa
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level (in our exanple) of approximtely -27.5 dBm by appropriate

choice of antenna size and other equipment paraneters. The inter-

modul ation noise contributions will also be a function of the equipment
used (baseband repeater, |F repeater, heterodyne repeater) and will
therefore be fixed regardless of hop length

4.5.16.7 The thermal noise for each hop can be determ ned from

figure 4.5-12 for the selected system parameters and entered on

wor ksheet 4.5-3.  This value is 12.5 pWD for each hop based on the

choice of -27.5 dBmreceived signal level and a 600- channel system
4.5.16.8 The equi pnent intermodul ation plus basic noise allocation

is considered in section 4.5.20. For the exanple, assuming dual diversity
with equal gain conbiners, there is 45 pWD internmodul ation noise for a

het erodyne repeater-to-heterodyne repeater hop and 113.5 pWO for a terninal-
to-heterodyne repeater hop. Thus, hop A will contribute 113.5 pWO, B will
contribute 45 pWo etc. Such values are also entered in worksheet 4.5-3
4.5.16.9  Feeder echo internodul ation noise contribution is somewhat
nmore difficult to calculate, but 10 pWOis a useful first estimate for

wel | -designed and carefully installed transmssion lines of average
length. The links as finally designed will no doubt differ somewhat
fromthis first cut estimate. The 10 pWO value is also entered in

wor ksheet 4.5-3 for each hop.

4.5.16,10 Total noise expected on each hop is the sum of the individua
contributions, and the total predicted systemnoise is the sumof the
contributions from each hop; this is conpared with the total noise
allocated. In the exanple the calcul ated noise is somewhat greater than
the total allocated; thus, an attenpt should be made to reduce each of
the individual hop contributions either by selection of different

equi pments to reduce equi pment internodul ation noise, by increasing

signal levels to reduce thermal no

ise (while bearing in mnd that too
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Ther nal

Single Receiver Input Power, Pr (dBm)

Figure 4.5-12
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Link A B C D E F G H
Thermal Noise 12.5 12.5' 12.5, 12.5; 12.5/ 12.5 12.5| 12.5
Equip Intermod 113.5 45 n3.s5| 1U3.5| 45 113.5 | 113.5] 3.5
Feeder Echo 10 10 10 10 10 |10 10 10
E stimated
Total Noise 136 67.5] 136 | 136 67.5| 136 136 136- 951 pwo
Allocated Total Noise
Noise n2.5 | M2.s| 112.5 12.5| 112.5/112.5 | 2.5 2.5} Allocated
900 pwo

Worksheet 4.5-3 Initial FM-FDM System/Hop Noise Allocation
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great a signal increase can result in increased internodulation
distortion ), or by assumng |ower feeder echo intermodul ation
noi se ( which may necessitate the use of tuned lines or severa
load isolators ).

4.5.17 Sel ect basic equi pment paraneters

4, 5.17.1 Figure 4.5-13 illustrates qualitatively the effects on
system performance ( in ternms of the voice channel signal-to-
noise ratio ) of varying frequency deviation, noise power ratio,
and receiver noise figure. The arrows indicate the effects of
increasing these parameters. The effect of increasing feeder
echo internmodul ation noise is the same as decreasing the noise
power ratio. Using the nethods of this section, quieting curves
can be drawn for each hop for different assumed val ues of these
par anet ers.

4. 5.17.2 The foregoing calcul ations have been nade to establish

the permtted long-term (_nedian ) voice channel noise. The

short-term voi ce channel noise, in accordance with current mli-
tary standards, is allocated on a per-hop basis, and shall not
exceed 316, 000 pWO for nore than an accunul ated two mnutes

in any month, or nore than one minute in any hour as measured
with an anmplitude distribution analyzer having an integration tine
of 5nm ( see M L-ST D-188-313 ). As always, appropriate
mlitary standards and DCA circulars ( see paragraph 1.1.1)

must be consulted when designing part of the DCS system Methods
for estimating short-termnoise will be described in the follow ng
sections. However, a sonewhat nore stringent requirement based
on flat weighting will be used for sinplicity, namely a short-term
noise level limted to 1, 000, 000 pWD which nust not be exceeded

for 2 mnutes per year, i. e. , the noise |evel nust be less than
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1,000,000 pWO for 99.9995% of the year. This requirement

is at least equal and actually nore stringent than that inplied

by the mlitary standards. Al though the allowable noise power

is greater in the nethod given here ( 316,000 pWO = 500, 000 pWO),
the allowable time during which this value may be exceeded is
much shorter.

4.5.17.3 After conpletion of the initial noise objective calcu-
lations, the next step is to fit final total median-noise predictions
for each hop into the total system allocation. For this purpose
each source of noise on each hop is nore precisely evaluated and
combined to obtain total noise. Noise values for each hop are
conpared with the allocation and a conprom se nust often be
made between incremental noise reduction ( through the use of

| ow noise preanplifiers, better waveguide installation for |ower
VSWR, and | ower equipnent internmodul ation ) and possible re-
suiting cost increases. \Wen all hops have been evaluated, it

is likely that some will be |ess expensive to upgrade ( on paper )
than others, and efforts to neet the total system median noise

obj ectives shoul d be concentrated on these.

4.5.17.4 Figure 4.5-14 shows a flow diagramfor final single
radio hop performance calculations and figure 4.5-15 shows a
system noi se calculation flow diagram These diagrams illus-
trate schematically the processes outlined in the preceding

par agraphs and described in nore detail later on. A step-by-
step guide through the calculations is given in worksheets 4.5-4
through 4.5-9. A conplete exanple is denonstrated in the filled-

in worksheets in section 4.5.41 at the end of this chapter.
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Figure 4,5-14 Hop Noise Calculation Flow Chart
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4.1  Nunber of equivalent voice
channel's, n

4.2 voice channel

4.3 maximum nodul ating
frequency, f,

4.4  Baseband bandwi dth, B

4.5 RMS load factor, LF

4.6  Numerical RVS load factor %f

4.7 peak factor, PF
4.8  Numerical peak factor, pf

4.9  RMS per channel deviation,

RMS carrier deviation, 6F

Peak carrier deviation, AF

Recei ver |F bandwi dth, B,

Recei ver noise figure, F

Recei ver noise threshol d

FM i nprovenent threshol d

Pre-enphasi s i nprovenent,

Medi an diversity
i nprovenent, |,

Radi 0 set NPR

Wr ksheet 4.5-4.

bandwi dth, b,

3100 Hz (Usabl e bandwi dt h)
kHz
kHz B="f,- £, where £
is the lowest frequency
in baseband
dBnD -10 + 10 log n
anti | og(LF/ 20)
13.5 dB
4.73 anti | og( PF/ 20)
8¢ kHz

kHz SF = (L£) (8f)

kHz AF = (pf) (L£) (8f)

kHz Bl = 2(AF + £)

dB
- dBm -174 + 10 log B,(Hz) + F
- dBm -174 + 10 log B, (Hz)
+F+10
4 dB
dB
dB

Basic Paraneters for Median Noise Cal cul ations
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sec. 4.1.3

table 4.5-2
(upper baseband
[imt

table 4.5-2

step 4.1;
par. 4.5.27.2
step 4.5

par. 4.5.27.2

step 4.7

par. 4.5.16.4
& table 4.5-2

steps 4.6 & 4.9

steps 4.6, 4.8,
& 4.9

steps 4.3 & 4.11,
also table 4.5-2

par. 4.5.16.4 &
4.4.45.13

steps 4.12, 4.13
or par. 4.5.27.2
par. 4.5.27.2
sec. 4.5.26

par. 4.5.34.1
wor ksheet 4.4-5
step (46)

par. 4.5.20.3



5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Transmission line or wave-

guide length,

Type of transmission |ine

or wavegui de

Percent velocity of
gation

Vel ocity of propagation,

Echo delay tinme,

Radi an del ay

Parameter A

SID-r

Transnit system

Antenna return |oss

RF interface return
| oss

Echo anplitude, r

Transni t

tion ratio, S/D

Transnit signal -to-feeder

echo noise, S/IN

transmtter

propa-

R LANT

R LRFI

signal -to-distor-

Transmt feeder echo noise,

Nl(lvans )

Wr ksheet

4.5-5.

v

sec

rad

__ msecv=(3x10) ( sv x 109
T =2lv
anf T
A= <5F/flll

dB

dB

dB

pWO

r = RL,+ RL,+ 2A
th

SSID=(S/ID-r) +r

B
9M=y0+1omg§ -LD
o]

90 - s/Ng

N = antilog )

Transm tter Feeder Echo Noi se Cal cul ation
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wor ksheet 4. 4-4
& sec. 4.5.19
fig. 4.5-18
par. 4.5.21.4
par. 4.5.21.4
par. 4.5.21.4
par. 4.5.21.4
fig. 4.5-19
par. 4.5.21.4
par. 4.5.21.5

from application
standards or
manuf acturer’s
speci fications

par. 4.5.21.5
step 5.8, &
step (31) from
wor ksheet 4.4-5

par. 4.5.21.8
steps 5.7 & 5.9

par. 4.5.21.8

par. 4.5.21.8
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Transmission line or wave-
guide length, receiver
Type of line or waveguide

Percent velocity of
propagation

Vel ocity of propagation, v

Echo delay tine, T

Radi an del ay

Paranmeter A

SID-r

Receive system

Antenna return 10oss R L,

RF interface return
| 0ss R L

RFI

Echo anplitude, r

Receive signal-to-distortion
ratio, S/D

Receive signal -to-feeder
echo noise, SIN

Recei ve feeder echo noise,
N f(rece

ive)

Wr ksheet 4. 5-6.

wor ksheet 4.4-4

m sec. 4.5.19
" fig. 4.5-18
msec v =(3x 10°) ( s x 109 par. 4.5 21.4
sec t= 2l/v par. 4.5.21.4
_ rad et par. 4.5.21.4
A = 6r/f, par. 4.5.21.4
& fig. 4.5-19
par. 4.5.21.4
par. 4.5.21.5
48 from applicable
standards or
i manufacturer’s
specifications
® 0T Rt Ret 2Ag par. 4.5.20.5
step 6.8, &
steE (322 from
wor ksheet 4.4-5
g  SD=(SD-71) +r par. 4.5.21.8
step 6.7 &6.9
& SIN:S/D+1OIog:—b—LFpar' 4,5.21.8
Moy = antilog f;TS’“_f par. 4.5.21.8

Recei ver Feeder Echo Noise Calculation
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Not e:

Total feeder echo p\WO
noi se, Nf
Si gnal / equi prent i nt er nod- dB
ulation, S/'N
Equi pment i nternodul ation pwO
noi se, N
e
8f
Cal culate 20 Iogf— dB
m
Cal culate 10 log KTh + F dBm
Signal -to-thermal noise dB
ratio mnus received
signal level, SIN- P
Draw quieting curve on
wor ksheet 4. 5-10
P(0.5) = (P- 3 dB) dBm
Medi an signal -to-thernal dB
noise ratio, S/N(O.5)
Medi an thermal noi se, pwo
N(0.5)
Enphasi s-i nproved signal -to- dB
thermal noise ratio,
S/'N,(0.5)
Enphasi s-i nproved thernal pWo
noi se, N,(0.5)
Total nedian noise, N(O0.5) pwo

Medi an val ues are denoted by (0.5).

Wor ksheet 4.5-7.
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N, = , steps

N(uans) Nr(vecew

B
S/ N,” NPR+ 10 log 5 LF
c
90 - S/NQ-

N, = antilog 5

-139.1 + F

SIN- P = -10 log KTb,-

F + 20 log (Gf/fm)

(SIN- P) + P(0.5)
N(0.5) =

90 - 8/N_(0.5)
antil og 0
S/N,(0.5) = S/N(0.5) + 1,
N.(0.5) =

90 - S/N__(0.5)
antil og 18e—
N(0.5) = N/(0.5) +

N+ N

Noi se Perfornmance

5.12 &6.12

steps 4.2,4.4
4.5, 4.18, &
sec. 4.5.20

step 7.2, &
par. 4.5.20.5

steps 4.3, 4.9
par. 4.5.27.2

step 4.13 &
par. 4.5.27.2

steps 7.4, 7.5
& par. 4.5.27.2

par. 4.5.27.3

par. 4.5.18.1 &
wor ksheet 4.4-5
steps 7.6, & 7.8

step 7.9

steps 7.9 & 4.16

step 7.11

steps 7.12, 7.1
& 7.3



M L- HDBK- 416
15 NOVEMBER 1977

Fade nmargin, M

Percent tinme M is
exceeded, P,

Divide Mby path length d
or 10, whichever is less

percent time fade margin
is exceeded due to rain
attenuation, P,

Total percent time fade
margin is exceeded, P,

| evel at
PvTH

Recei ved signal
FM t hreshol d,

Thermal signal -to-noi se
ratio at threshold,

S/ NTH

Enphasi s-i nproved,
SIN,. .,
tin(")

Enphasi s-i nproved thernal

noi se at threshold,

NLTH( E)

Total path-independent
non-linear noise, N,
Total enphasis-inproved

noi se at FM threshol d,
NTTH( E)

Is total noise N,(E)
< 1,000,000 pWO and
percent time P, less
than 5 x 10°?

Wor ksheet 4.5-8.

dB P(0.5)-FM I np. Thresh., or
P(0.5)-30 + (SIN- P)
whi chever is smaller

% P, =6xl0°a x b x f x d
X 1 Or(w/lo)

dB/ km

% Enter value from step 8.3
as ordinate on graph of
fig. 4.2-12 for the
appropriate rain zone and
read % tine value of
abscissa for carrier
frequency, f

% P, = P+ P,
dBm P(0.5) - M

dB (SIN- P) + P,

dB S/ N+ |,

90 - s/N__  (E)
pWO anilog _Tt'm_
pWO N + N
pWo N, + N, (E)

(yes or no)

Cal cul ate Short-Term Noi se Perfornmance
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steps 8.2 and 8.4

steps 7.8 and 8.1

steps 7.6 and 8.6

steps 8.7 and 4.16

step 8.8

steps 7.1 and 7.3

steps 8.9 and 8.10

steps 8.5 and 8.11



.13

.14

.15

.16

.17

.18

.19

.20

.21

.22

.23

.24

If “yes”, and diversity was not selected previously,

If “no”, or diversity has already been selected, continue.
If “no”, and diversity was not selected previously, re-do

steps 4.17, 4.18,

and 7.2 through 8.12; then continue.

Plot line for non-diversity
fade margin versus % of
time on worksheet 4.5-11

Read diversity inprovenent at
percentage P, and other
desired percentage values for

type of conbiner used 1. ( %

Decrease fade margin values at

p and other desired per-

celitage val ues by the appropri-

ate |, val ues dB M- 1y %

Plot line for diversity-inproved

fade margin versus % of tinme on

wor ksheet 4.5-11

Diversity and enphasis inproved

thermal signal-to-noise ratio

S/IN(E D) at P, percent. _____dB SING+ I+ 1 %
age of time

Diversity and enphasis inproved

thermal noise N(E D at P, 90 - S/Nt(E,D)
percentage of tine pWo ant i log ———pr————

Estimted total percent of
diversity

outage tinme after

10

and enphasis inprovenent % wor ksheet 4.5-11 where it

intersects the ordinate
val ue for Mf

Total noise N(E D) at P,

percentage of tinme

pWO  N(E D) + N,

I's total noise < 1,000,000 (yes or no) jIf answers are no,

pwo adj ust parameters
and recal cul ate

Is total outage tine noi se performance

5 x 10% (yes or no)

If total noise cannot be Calculate ratio of total

reduced to < 1,000,000 pWo, noise to 1,000,000 pWo,

estimate percentage of converted to dB, subtract

tinme during which

from M, and read on the

1,000, 000 pWO is exceeded % diversity inproved line of

Wor ksheet 4.5-8.

wor ksheet 4.5-11 the per-
centage val ue correspond-
ing to this ordinate

Cal cul ate Short-Term Noi se Performance (continued)
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link design isconpleted.

par. 4.5.34.1
steps 8.1 &8.5

fig. 4.5-21
wor ksheet 4.4-4
step (46); step 8.5

step 8.16
par. 4.5.34.1

steps 8.8 & 8.15
step 8.18

Read abscissa for diversity- gt eps 8.1 & 8.17
inproved fade margin line on

steps 8.10 &8.19

SofPsBad 4.5.11
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Available Fode Margin, dB
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; r + i ik A t
i 11 ] s it 1
Al } It
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- H Ho 4 H
i H W L aEn
I
e 1§78 ERES
0000E i HT H H Hih
r THES
1 g ‘ﬂH M pifi ﬁ
! T :
N b I
\T —4
58008 N
+
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Haeee : T
HILNNeee e !
i 8RS AR i
7T
. B
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(See sections 4.2.27 and 4.5.34, and figure 4.5-21) [
I b4+t
as= be f= GHz d= I
H 4
tH i H }
[ TH ,
(o] 0001 0.0001

Percent of Time Outage Expected, P 4

Worksheet 4,5-11, Non-Diversity and Diversity Improved Fade Margins
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4.5.18 Path |oss distribution

4.5.18.1 The second major input to the calculations is an
estimated distribution of transm ssion loss for each radio
hop in order to estimte short-term noise. The long term
medi an | oss may be estimated to be 3 dB greater than the
sum of the free-space |oss and the atnospheric attenuation
( see Section 4.2.22 ). The desired short termreliability
has al ready been defined as 99.9995% corresponding to ap-
proxi mately two mnutes per hop per year when the voice
channel noise is allowed to exceed 1,000,000 pWO. Noi se
val ues of this magnitude in a voice channel are usually
thermal caused by a marked increase in transm ssion |o0ss.

( W will not consider at this tine severe equi pnment prob-

| ens or the even nmore unlikely occurrence of strong RF
interference. )

4.5.18.2 The likelihood of such thermal noise bursts or

noi se increases in a voice channel are related also to the
avai | abl e fade margin for each radio hop

4.5.18.3 Fade margin as used here is defined as the decibe
difference in power |evels between the normal unfaded signa
( which corresponds to the |ong-termnmedian | 0oss; see paragraph
4.5.18.1 ) and either the FMthreshold | evel or that received
signal |evel where the thermal noise equals 10°pWO whi ch-
ever will give the smaller fade margin. For these calcul a-

tions, other noise contributions can usually be
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neglected. To illustrate, consider figures 4.5-16 and 4.5-17. On
figure 4.5- 16, note that for a voice channel capacity of 120 or greater,
the thermal noise exceeds 10°pWDO at FM threshold so the fade nargin
is the difference in P (in dB) between the nedian value of P and that
val ue of P where the channel capacity thermal noise curve crosses the
10°pWO noise level. Thus, for the 600-channel systemwith 140 kHz
RVS per-channel deviation (on figure 4.5-16) with a nmedian P, of

-27.5 dBm the 600 channel curve intersects the 10° -pWO | evel at

= -73.5 dBm This results in a fade margin of 46.0 dB

For a per-channel RVS frequency deviation of 200 kHz (as

shown in figure 4.5-17), the thermal noise level of 10°pWD intersects
the 600-channel curve at -76.5 dBm which results in a fade margin of
49.0 dB for the same median value of P. Thus the fade margin can
be increased by increasing the per-channel deviation. The fade margin
decreases with increased channel capacity.

4.5.18.4 So far we have discussed fade margin and its calculation for
the individual radio hops in the system The fade margin required for
each hop to maintain desired link reliability and ways to achieve the
increased margin which nmay be necessary on difficult links will be dis-
cussed in section 4.5.33.

4.5.19 Sel ect antenna size, transmission line, transmtter power,
and cal cul ate long-term nedian receiver input power

4.5.19.1 At this point, we are ready to begin the cal cul ations required

for the link design summary on worksheet 4.4-4. Items 1 through 16

are now known and the appropriate entries have been made. Itens 23

25, and 26 are also known so a tentative selection of transmission line or wave-
guide type (itens 27 and 28) can be nmade which |eads to the values for wavegui de

| oss per unit length (items 29 and 30), and to total waveguide |osses
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(items 31 and 32). Typical values should now be chosen for circulator
| osses (items 33 and 34) and the net fixed losses (item 35) calculated.
However, these values (items 27 through 35) are tentative estimates
whi ch may be changed as radio hop requirenents dictate.

4.5.19.2 The next step is the calculation of free-space basic transm s-
sion loss (item 38) using item 37, path length (fromthe path profile)
and item 23, carrier frequency. Item 39, the average atnospheric
absorption, is obtained from Section 4.2.22. Since the expected

medi an receiver input power was initially assunmed to be -27.5 dBm it
can be used in conjunction with the net loss (item40) to yield the tota
gain required to produce this desired received signal |evel value over
the path. As a first estimate, a transmitter power of +30 dBm (1 watt)
can be used for item 36; this value subtracted fromthe sum of items
40 and 42 will be the sumof the required antenna gains (items 21 and
22).

4.5.19.3 Consider one of the hops from the exanple system in order
to illustrate quantitative results. Hop H between sites 8 and 9 (figure
4.5-11) is 43 kilometers long, wll operate with space diversity and
will transmt fromsite 9 at 8.250 Gz and fromsite 8 at 8.150 GHz.
Forty-neter towers are assuned necessary at each site, which neans
that about 48 meters of waveguide will be required per site. Consider
el liptical waveguide, EW1, which has 6.3 dB | oss per 100 meters

and 0.5 dB transmt and 1 dB receive circulator and filter |osses.

This results in 7.5 dB for item 35 (worksheet 4.4-5), net fixed |osses.
Since transmitter power is expensive, assune initially one watt or

+30 dBm For the average frequency of 8.2 GHz and a path length of
43 km a free-space basic transm ssion lossvalue of 143.3 dB is
obtained.  From paragraph 4.2.22.2 the atnospheric absorption is

found to be 0.4 dB. Item40, the net loss is 154.3 dB and if we
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subtract the difference between +30 dBm for transmtter power and
-27.5 dBm for nedian received signal level, the required antenna gain
is 96.8 dB. This inplies an antenna diameter of 13.5 ft for equa
antennas at both sites (fromfigure 4.4-30).

4.5.19.4 At this point we nust consider recomended limts on anten-
na size given in figure 4.4-33. The maxi num di aneter for 0.5° half-
power beamwi dth is about 16 ft and the recommended diameter is 10 ft.
Al though 15-ft dishes can neet the median signal requirenents, alter-
native ways to reduce system |oss should be explored in order to avoid
extremely narrow antenna beans (see discussion in Section 4.4.29).

As an exanple 12-ft dishes with 47.2 dB gain and RF preanplifiers at
the receiving antennas could be used. This would reduce the line |oss
by 3 dB and maintain the desired nedian signal |evel. The use of RF
preanplifiers was discussed in paragraph 4.4.45.12 and illustrated in
figure 4.5-2. It also has the advantage that the receiver noise figure

is reduced which further increases the fade margin.

4.5.20 Equi pnent i nternodul ati on noi se cal cul ati on

4.5.20.1 A nessage passing through a microwave radio relay system
is present in either of two basic forms: as an anplitude -nodul ated or
frequency-nmodul ated signal. The signal is normally transmtted from
one station to anot her in frequency-nodul ated form denodul ated and
processed in anplitude-nodul ated form and re-transnitted in frequency-
modul ated form The presence of nodulation in either form causes

i nst ant aneous nonsi nusoi dal changes in either voltage or frequency
within mcrowave circuits. Because such circuits cannot be made
conpletely linear, and cannot respond instantaneously to such changes
in voltage or frequency, spurious signals are produced by each channe
in the systemand occur across a w de frequency range. Although the
spurious signals produced in each channel are very small, the additive
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effect froma large nunber of signals in several channels beating to-
gether fornms intermodul ation noise signals whose anplitude is large
enough to inpair the performance of comunications links. Some of
these spurious signals will fall within the bandw dth of adjacent chan-
nels, causing inter nodulation noise to appear there. The magnitude

of the intermodulation noise is a function of equipment characteristics
the number of channels in the system and the nodulation levels in the
channel s producing the noise. The higher the nodulation level in the
channel s producing the spurious signals, the higher the internodul ation
noise will be in those adjacent channel s whose bandwi dths coincide with
the frequencies of these noise products. The values of the inter-

nodul ation noi se under specific channel |oading conditions must be
obt ai ned from equi pment perfornmance specifications, or the internodu-
| ation noise nust be measured under actual operating conditions.
4.5.20.2 Internodul ation noise, for the purpose of system noise cal-
culations, is defined as the total noise fromall sources produced as a
result of the presence of a nodulated signal in the system |nternodu-
lation noise is measured in a channel with all modul ation removed from
the channel being measured, and with all remaining channels |oaded
with actual traffic or with an equival ent anmobunt of white (random y-

di stributed) noise over a specific bandwi dth. The internodul ation
noi se power in the channel is then equal to the neasured total noise
with modul ation present |ess the neasured thermal noise with no

nodul ation present.

4.5.20.3 A comon nethod of determining total noise under maximm
traffic conditions consists of using a “white noise” generator which
produces a noi se spectrum approxi mating that produced in a nulti-
channel nmultiplex system The output noise level fromthe generator

is adjusted to a desired nultiplex conposite baseband |evel (conposite
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noise power). Then, a notched filter is switched in to clear a narrow
slot in the spectrumof the noise signal, and a noise analyzer is con-
nected at the output of the system The anal yzer can be used to neasure
the ratio of conposite noise power to the noise power in the cleared
slot, which is equivalent to the total noise (thermal plus internodul a-
tion) present in the slot bandwidth. Usually, the slot bandwidth is
made equal to the bandwi dth of a single multiplex channel; thus the
noi se power in the slot is the same as the total noise in a typical multi-
plex channel. Usually, measurenents are made at the upper, |ower
and center frequencies of the baseband. The ratio of the conposite
noi se power in the baseband to the total noise power in the slot is
usual 'y called the noise power ratio. (NPR). Wen this NPR measure-
nment is made at high RF levels, corresponding to the nedian received
in a back-to-back configuration, the dom nant conponent of noise is
that due to equipment internodulation. This paranmeter is used as an
approxi mation of the equipnent intermodul ation noise contribution, and
shoul d be obtained from operations and maintenance records or from
publ i shed manufacturers’ specifications on the equipnent to be used
including the stated equivalent noise loading. If information is not
available, an NPR value of 55 dB obtainable using new, quality equip-

nment is probably the highest value that can be assumed for the initia
estimte. However, some nethods of diversity conbining can also inprove

the NPR. As an exanple, for equal gain or maximal ratio conbining the
signal powers are added coherently while internodul ation noise contributions-

simlar to other types of noise- are added randomy. This justifies a 3 dB
i nprovenent in NPR val uesassuned for the exanples discussed here (section
4.5.16 and worksheets of section 4.5.41).

4.5.20.4 The above discussions hold for denodul ating (baseband)

radios. |If the designer is concerned with heterodyne repeaters, the
above measurements becone very difficult to make, and the designer

has to rely on manufacturers specifications. Alternatively, a 4 dB

i mprovement in NPR [14] over the denodul ating radio may be assumed

For exanple, if a 55 dB NPR is assumed for the dempdul ating radio,

a 59 dB NPR woul d be used for a sinilar heterodyne unit.
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4.5.20.5 The noi se power ratio can now be converted to an equival ent
noi se channel signal-to-equipment inter nodulation noise ratio, S/Ne,
and additionally to equi pment internodul ation noise, Ne. Thisis
expressed, in dB, as:

SIN,= NPR + 10 log (B/b.-LF)dB (4.5-1)
Ne = antilog 29—:T§11i3 PO (4.5-2)

where B,is the baseband wi dth,
b,is the nom nal voice channel bandw dth, 3100 Hz, and
LF is the RV load factor in dB (see Section 4.5.27).

B,and b, rmust be in the same units.

4.5.20.6 Allocation of calculated noise is difficult particularly for

m xed systens on a hop; i.e., a denodulating transmtter at one end
and a heterodyne repeater receiver at the other end. Very little infor-
mation exists on the noise contribution of the individual conponents or
even that of the transmitter and receiver separately. For an engineer-
ing estimate, the equipnment internodulation noise may be allocated in
equal parts to the transmtter side and the receiver side

4.5.20.7 The foregoing calculations are for the top voice channel of
the systemwhich is normally assunmed to be the “worst” channel in
terms of noise and performance.

4.5.20.8 Equi pment intermdul ation noise is considered to be inde-
pendent of path loss or received signal level variations. Consequently,
it will be considered as a conponent of the time invariant nonlinear
noise (figure 4.5-14).

*1t should be noted that in the noise cal culations of these sections flat-
wei ghted noise will be used for ease in handling. If the designer de-
sires to use other noise weighings, appropriate factors may be in-
cluded at the conclusion of the design procedure.
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4.5.21 Feeder internodul ation noise calculation

4.5.21.1 If a transmssion line many wavel engths long is m smatched
at both the generator and load ends, its frequency-phase response is
linear with a small sinusoidal ripple, and this leads to reflected waves
inthe line that cause distortion of an FMsignal. This type of distor-
tion is nore conveniently considered as being caused by an echo signa
generated in a mismatched line, which results in inter nodulation
distortion. Significant levels of this type of internmodulation noise are
reached when the wavegui de |engths exceed approximately 20 neters
per individual antenna, or 30 neters total per hop.
4.5.21.2 The feeder internodul ation noise is also considered to be
i ndependent of path loss or signal level variations and is therefore
anot her conponent of the time invariant non-linear noise power.
4.5.21.3 Calculations of feeder intermodulation noise is well treated
inthe literature [13], [80]. It nay be approximted given transm s-
sion line lengths (worksheets 4.5-5 and 4.5-6), velocity of propagation
in the lines, transm ssion system conponent VSWR s and directiona
|l osses.  The calculations are perforned separately for each end of a
hop; i. e., transmtter and receiver, and the results are sunmed to
determne the total hop contribution. Procedures are as follows:
4.5.21.4 Determine echo delay time, =, fromthe transnmission |ine
length, L, and the percent velocity of propagation, (% V),

obtained from figure 4.5-18, using

T~ 2L/V sec, where V=(3x10°) (%x107)m sec. (4.5-3)

The echo delay tine is then converted to radian del ay:

Radian delay =2 wf_ T, (4.5.-4)
m
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Courtesy of Dr. John Gsepchuk and Horizon House, Inc

VELOCITY OF PROPAGATION FOR ELLIPTICAL WAVEGUIDE
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VELOCITY OF PROPAGATION FOR RECTANGULAR WAVEGUIOE

FREQUENCY IN GIGAHERTZ

Figure 4.5-18 Waveguide Velocity Curves
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where f_is the highest nodul ating frequency in the baseband.
Next a " paraneter A " is determned fromthe follow ng
equation

A=8F/f_ ( 4.5-5)
where OF  is the conposite RVS carrier deviation ( 8F is the
product of &f and 4f ) and f_as defined earlier. The synbo
4f is the nunerical load factor, antilog LF/20. Using the par-
aneters A and the radian delay, a value for signal-to-distortion
ratio mnus echo anplitude, ( SYD- r ), may be determ ned from
the curves in figure 4.5-109.
4.5.21.5 It now remains to determne the echo attenuation, r.
Consider the top illustration in figure 4.5-19a. The echo energy
at the transmtter side travels along the path shown, and is reduced
by each reflection at an interface by the return | oss associated
with the voltage standing wave radio ( VSWR ) at that interface
Such values of return loss ( or VSWR ) nust be nmeasured with
the equipment in its operating configuration. Return |oss val ues
for the radio frequency interface, the antenna input, and the trans-
mssion line ( measured at the point where it connects to the RF
interface with the antenna connected ) ny be assuned to be at |east
26 dB corresponding to a VSWR value of 1 : 1.10. However ,
return loss values of 32 dB or better corresponding to VSWR val ues
of 1 : 1.05 are not unrealistic, and are frequently specified. The
relations between return loss, reflection coefficient, and standing
wave ratio are given in the next paragraph.

4.5.21.6 The echo energy is reduced by the return loss at the
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~ at Transmitter
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( Line Loss Echo Signal _

Path Taoken By Echo Energy
at Receiver

Figure 4.5-19a Illustration of Principal Signal Echo Paths
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antenna port, the one -way attenuation through the transm ssion
line antenna feeder, the return loss at the RF interface, and
another one-way attenuation through the same line. The total
echo attenuation in dB is thus the sum of these decibel |osses.
Simlar considerations apply to the echo attenuation at the re-
ceiver side as shown in the |ower portion of figure 4.5-19a.

|f parameters other than return |oss are provided such as the
VSWR or the voltage reflection coefficient,p, they can be con-

verted to return loss, RL, using the follow ng expressions:

_ VSWR-1 )
° = Vswrs (4 56)
RL =201log (1/0) ( 4.5-7)

Al'so, table 4.5-3 or figure 4.5-20 can be used for this conversion
4.5.21.7 The approach described above is sonewhat conservative
and may slightly overestimte voice channel feeder echo noise since
it assunes that the reflections of the echo energy will result in max-
i mum delay time and hence in nearly maxi num noise. This occurs
because the echo energy arriving at the RF interface in the case of
the transmtter ( or the antenna in the case of the receiver ) in fact
contains conmponents that have been reflected at many intermediate
points along the transmssion line ( such as wavegui de joints or
transitions ). Al of these have shorter delay times than the tota
echo path.

4.5.21.8 The cal culation of echo attenuation ( separately for trans-
mtter and receiver ) outlined above can now be converted to voice
channel noise. To do this, the total echo attenuation, r, is added
to the ( S'D - r ) value obtained fromthe procedures in paragraph
4.5.21.4. This results in the signal-to-distortion ratio, S/D which
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VSWR p RL(dB) VSWR p RL(dB) VSWR 0 RL{dB) VSWR P RL(dB)

1,001 0.0005 66.025 1.041 0.0201 33.941 1.081 0.0389 28.196 1.142 0.0663 23.571
1.002 0.0010 60.009 1.042 0.0206 33,736 1.082 0.0394 28.093 1.144 0.0672 23.457
1.003 0.0015 56.491 1.043 0.0210 33.536 1.083 0.0398 27.992 1. 146 0,.0680 23. 346
1.004 0.0020 53.997 1.044 0.0215 33,341 1.084 0.0403 27.892 1.148 0.0689 23.235
1.005 0.0025 52.063 1.045 0.0220 33,150 1,085 0.0408 27.794 1.150 0.0698 23.127
1.006 0.0030 50. 484 1.046 0.0225 32.963 1.086 0.0412 27, 696 1,152 0.0706 23.020
1.007 0.0035 49, 149 1.047 0.0230 32,1780 1.087 0.0417 27. 600 1,154 0.0715 22.914
1,008 0.0040 47.993 1.048 0.0234 32.602 1,088 0.0421 27,505 1.156 0.0724 22.810
1,009 0.0045 46.975 1.049 0.0239 32,427 1.089 0.0426 27.411 1.158 0.0732 22.1708
1.010 0.0050 46.064 1.050 0.0244 32.256 1.090 0.0431 27.318 1.160 0.0741 22.607
1.011 0.0055 45. 240 1.051 0.0249 32.088 1.091 0.0435 27,226 1.162 0,0749 22.507
1.012 0.0060 44. 489 1.052 0.0253 31.923 1.092 0.0440 27.135 1.164 0.0758 22. 408
1.013 0.0065 43,798 1.053 0.0258 31,762 1.093 0.0444 27,046 1.166 0.0766 22,311
1.014 0.0070 43.159 1.054 0.0263 31,604 1.094 0.0449 26.957 1.168 0.0775 22,215
1.015% 0.0074 42, 564 1.055 0.0268 31,449 1.095 0.0453 26.869 1.170 0.0783 22.120
1.016 0.0079 42,007 1,056 0.0272 31, 297 1.096 0.0458 26.782 1,172 0.0792 22,027
1,017 0.0084 41,485 1.057 0.0277 31,147 1,097 0.0463 26.697 1.174 0.0800 21.934
1.018 0.0089 40. 993 1.058 0.0282 31.000 1,098 0.0467 26,612 1.176 0.0809 21,843
1.019 0.0094 40, 528 1.059 0.0287 30.856 1.099 0.0472 26.528 1.178 0.0817 21,753
1.020 0.0099 40,086 1.060 0.0291 30.714 1. 100 0.0476 26. 444 1.180 0,0826 21. 664
1.021 0.0104 39,667 1.061 0.0296 30.575 1.102 0.0485 26.281 1,182 0.0834 21,576
1,022 0.0109 39. 267 1,062 0.0301 30,438 1.104 0.0494 26.120 1.184 0.0842 21,489
1.023 0.0114 38. 885 1.063 0.0305 30.303 1.106 0.0503 25.963 1.186 0,0851 21.403
1.024 0.0119 38. 520 1.064 0.0310 30.171 1.108 0.0512 25.809 1.188 0.0859 21.318
1.025 0.0123 38.170 1,065 0.0315 30.040 1.110 0.0521 25,658 1.190 0.0868 21.234
1,026 0.0128 37.833 1.066 0.0319 29.912 1.112 0.0530 25.510 1.192 0,0876 21.151
1.027 0.0133 37.510 1,067 0.0324 29,785 1,114 0.0539 25.364 1.194 0.0884 21.069
1,028 0.0138 37.198 1.068 0.0329 29, 661 1.116 0.0548 25,221 1.196 0.0893 20,988
1.029 0.0143 36.898 1.069 0.0333 29,538 1.118 0.0557 5.081 1.198 0.0901 20,907
1.030 0.0148 36,607 1,070 0.0338 29,417 1.120 0.0566 24.943 1.200 0.0909 20.828
1.031 0.0153 36. 327 1.071 0.0343 29,298 1,122 0.0575 24.808 1,210 0.0950 20. 443
1.032 0.0157 36.055 1.072 0.0347 29,181 1.124 0.0584 24.675 1,220 0.0991 20.079
1,033 0.0162 35.1792 1.073 0.0352 29,066 1,126 0.0593 24.544 1,230 0.1031 19.732
1.034 0.0167 35,537 1.074 0.0357 238,952 1,128 0.0602 24.415 1,240 0.1071 19,401
1.035 0.0172 35,290 1.075 0.0361 28,839 1,130 0.0610 24.289 1,250 0.1111 19.085
1.036 0.0177 35.049 1.076 0.0366 28,1728 1.132 0.0619 24,164 1. 260 0.1150 18,783
1.037 0.0182 34.816 1.077 0,0371 28,619 1,134 0.0628 24.042 1,270 0.1189 18,493
1.038 0.0186 34,588 1.078 0.0375 28,511 1.136 0.0637 23.921 1.280 0.1228 18.216
1.03q 0.0101 34,367 1.079 0.0380 28, 405 1,138 0.0645 23.803 1.290 0.1266 17.949
1.040 0.0196 34,151 1.080 0.0385 28,299 1. 140 0.0634 23.686 1,300 0.1304 17.692
LEGEND: VSWR Voltage Standing Wave Ratio p Voltage Reflection Coefficicnt RL(dB) Return Loss in dB

Table 4.5-3 VSWR and Related Parameters
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Figure 4,5-20 VSWR and Related Parameters
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must be corrected for the ratio of baseband to voice channe
bandwi dth and for the RVS load factor. In equation form the

voi ce channel signal to feedig echo noise ratio becones:

b
SIN=S/D+ log-;--- - LF dB (4.5-8)

The conversion to flat-weighted noise is as foll ows:
90- S/ N
N = antilog — pWO
10

The foregoing feeder echo noise cal cul ations are perforned
separately for each end of a hop by arbitrarily designating one
end the transmitter and the other end the receiver. At the con-
clusion, these two noise results are sumed together to give a
total hop feeder echo noise contribution.

4.5.22 Tine-invariant nonlinear noise

4.5.22.1 The sum of the total feeder echo noise and equi pnent

internodul ation noise in this design will be called the time in-
variant nonlinear noise since these noise conponents do not depend
on path loss variability. This total noise conponent is normally

the dom nant contribution for relatively high signal levels near the
long -term nedian. For this case, an approximtion may be made in
the long -term noise calculations by omtting the smaller therm
noi se contribution which will be discussed in the follow ng paragraph
Conversely, the tine-invariant nonlinear noise may be dropped for
approxi mating short-term noise calculation at |ow signal |evels near
FM threshol d since the thermal noise contribution will now be the
dom nant factor.

4.5.23 Thermal noise

4,5.23.1 As a natural law, thermal noise is always present. Its

power depends on the absolute tenperature of the point where it is
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nmeasured, and al so on the bandwi dth. The thermal noise power per Hz
bandwi dth at the radio-relay receiver input is given by the expression
kT,, At an anbient tenperature of 27° C (300° K) this is 4 x 10'21\M Hz
whi ch corresponds to a power level of -174 dBm Hz. It can be seen
directly fromthe expression given, that the thermal noise power of the
point considered can be reduced by cooling this point. Very low tem
peratures are required to get a remarkable inprovement in therna
noise. This is very expensive and, therefore, not used on terrestrial
radio-relay systems. In addition, the noise power seen by antennas
pointed at |ow elevation angles is about -174 dBm Hz making very
little inprovenent possible by cooling the receiver input inpedance
4.5.23.2 The thermal noise power neasured at the receiver output

s hews a higher value than one woul d expect fromthe thermal noise of
the input alone. The difference between both these values is the thernal
noi se power produced in the receiver itself. By special nmeasures it

can be kept small. But some of these measures are very expensive,
because they are also using the cooling of equipnment to very |ow
tenperatures. Nornal radio-relay systems must be economcal in

use, and for this reason it is unwise to enploy expensive methods only
to get a few dB of inprovenent

4.5.23.3 The thermal noise characteristics of the receiver which add
to the input thermal noise are expressed by the “receiver noise figure”
in dB which is the ratio of the thermal noise measured at the receiver
output to the thermal noise expected at the same point if only the am

bi ent noise given by kT, is present at the receiver input. Because of
the reasons nentioned above, nost practical mcrowave systens have
receiver noise figures of about 10 dB

4.5.23.4 In the frequency bands of interest here the thermal noise
power per Hz bandwidth is constant. The total thermal noise power
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of a receiver is therefore directly proportional to the bandw dth of the
receiver.

4.5.23.5 Thermal noise has random characteristics wth substanti al
fluctuations relative to its nmean power so that even very high peaks

can occur with a small probability.

4.5.24 Points at which thermal noise power can influence the signal

4.5.24.1 It has already been nmentioned that the thermal noise can
influence the useful signal at the receiver input where the useful signal
is at a very low level. But also within the receiver there are several
points with [ow signal |evels where thermal noise is added and can
therefore contribute to the total thermal noise of the receiver such as
the inputs of anplifiers. These points do not contribute a significant
amount of thermal noise in well designed systens.

4.5.25 The nechani sm by which the thermal noise power can
i nfluence the signal

4.5.25.1 Thermal noise signal can be assumed to be voltage vector
with varying anplitude and phase which is added to the useful signal
represented by a frequency nodul ated carrier of constant anplitude.
The vector resulting fromthe addition of the noise vector and the
carrier vector is then a vector with both anplitude and phase varying.
Wthin the receiver this signal passes an anplitude limter so that its
anplitude is nmade constant again, but its phase is still disturbed.

4.5.26 Pre-enphasis

4.5.26.1 After denodulation, thermal noise power increases with
baseband frequency so that the higher channels have smaller signal-to-
thermal -noi se ratios than the | ower ones. To conpensate for this
effect in nost radio-relay systens, pre-enphasis is applied. This
nmeans that before frequency nodul ation is acconplished in the
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transmitter the level of the upper part of the baseband is increased
while the level of the lower part is decreased. This is done in a man-
ner so that the mean power in the baseband is the same with or wthout
pre-enmphasis. Therefore, the C C |. R in its Recomendation 275
[81] has standardized frequency characteristic of pre-enphasis for
all types of broadband systens. Between the |owest and the highest

t el ephone channel this pre-enphasis value is 8 dB, and the mean pre-enphasis

i nprovenent |p=4dB.
4.5. 27 Cal cul ate |ong-term nedian thermal noise

4.5.27.1 For purposes of system noise cal cul ations, thermal noise
I's defined as noise fromall sources in a channel when there is no

modul ated signal present on any of the channels in the mcrowave
system By this definition, thermal noise includes atnospheric and
cosmc noise, and all intrinsic and thermal noise produced in the

equi pment when no modul ation is present. Thernal noise is neasured
in a channel with all nodulation removed from all channels of the
systerm

4.5.27.2 The signal-to-thernmal noise ratio in an FDMFM systemis
related to path loss variability. As the path |oss on a hop becomes
low, i. e. , the received signal |evel becomes high, the thernmal noise
is quite low and as received signal |evel decreases toward FMthres-
hol d, the thermal noise becomes proportionally higher. Signal-to-
thermal noise ratio, S/IN, in a voice channel is proportional toreceived
signal level Pror carrier-to-noise ratio C/Nin the region above FM
threshold (usually taken as 10 db above thermal noise threshold). It may
be expressed in several fornms for this region, as follows:

SIN™ P +20 log P -10 log KTb - F (4.5-10)

SIN™ P +20 log£E-PF - LF - 10 log kTh. - F  (4.5:11)

m
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B
S/N_= C/N + 20 log —’f-\i - PF - LF + 10 log—= (4.5-12)
m bC
5 B
SIN, = C/N + 20 log T * 10 log (4.5-13)
m C
AF = (81) (antilog %) (antilog %) in kHz (4.5-14)
LF = -10 + 10 log n in dB (4.5-15)

A1 Fis the peak carrier deviation in kH
8f is the rms per channel deviation in kHz
SINis the voice channel signal to thermal noise ratio in dB

Pr is the received carrier level in dBm

CN is the predetection carrier-to-noise ratio in dB and N
is the receiver front end thermal noise power in the
same units as Pr

PF is the baseband signal peak factor of 13.5 dB
LF is the RVS noise |oad factor in dB

b,is the useable voice channel bandw dth taken to be 3.100
in kHz
B - is the receiver IF bandwidth in kHz

| F
f is the highest nodul ating frequency in the baseband in

kHz
Fis the receiver noise figure in dB
k is Boltzman's constant, 1.3804 x 10 -20 mllijoul es/ K, and
T is the antenna tenperature taken to be 290°K

n is the number of voice channels in the baseband.

4.5.27.3 The terms on the right hand side of the first two equations
with the exception of Pr may be calculated for a given set of equipnent

paranmeters. This then becones a constant - a figure of nerit - and as

Pris allowed to vary the voOice channel signal-to-thermal-noise ratio
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varies in proportion. Using this information, a receiver transfer character-
istic or “quieting curve” simlar to those in figures 4.5-16 and 4.5-17 may be
constructed, where its slope is uniquely deternmined by any of the above
equations for conditions above FM threshol d.

4.5.27. 4 The quieting curve is a good indication of the link dynamc per-
formance characteristics. It is essentially a plot of voice channel signal-to-
noise ratio versus received signal level. For a graph that is linear in decibels
such as worksheet 4.5-10, the main portion of the quieting curve is a straight
line with unity slope in accordance with the equations in paragraph 4.5.27.2.
This portion is limted at the upper end (high received signal |evels) by the
equi pnent i nternodul ation noise, and at the lower end by the FM i nprovenent
threshol d where the linear relationships of equations (4.5-10, -11, -12, and

-13 ) no longer hol d.

4.5.27.5 A good approximation to the quieting curve can be constructed in
the followi ng manner on worksheet 4.5-10 using information from the preceding
wor ksheet s:

a. Deternmine received signal level for which the signal-to-thermnal
noi se ratio equals zero (fromstep 7.6 on worksheet 4.5-7), increase this value
by 20 dB, and plot this point on the graph at the 20 dB ordinate val ue.

h. Draw a straight line with unity slope through this point.

c. Mark on this Iine the point corresponding to the FM i nprovenent
threshol d (step 4.15 on worksheet 4.5-4) as abscissa val ue.

d. Draw a horizontal line at the ordinate corresponding to the signal-
t o-equi pment intermodul ation noise ratio S/N (from step 7.2 on worksheet 4.5-7).

e. The available dynamc range for linear system performance is that
portion of the unity - slope straight |ine between the FM inprovement threshold
and the line intersection with the SINIline from (d.) above.

f. Performance bel ow the FM i nprovenent threshold can be approx-
imated by a line with a slope of 4 (4 dB decrease in signal-to-noise ratio for
each 1 dB decrease in received signal level) at S/N values |ower than that
corresponding to the FM inprovenent threshold.
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4.5.27.6 The conpl eted worksheet 4.5-10 in section 4.5.41 provides an

exanple of a quieting curve. Transitions between the three straight -line
portions of the curve can be nade by rounding as shown.

4.5, 28 Determine long-term nmedian total noise performance

4.5.28.1 The preceding sections have shown the cal culations of all noise
contributions from several sources. The nedian noise for each hop is the
sum of the thermal noise calculated for the long termnedian and the time -

i nvariant equi pment and internodul ation noise

4.5.29 Conpare hop predicted noise with noise allowance

4.5.29.1 The next step is to conpare the calculated long -term nedian
total noise with the noise allowance which was determined in Section
4.5.16 and entered on worksheet 4.5-3. The cal cul ated noise should be
conpared with the per -hop estinmated total noise rather than the allocated
per-hop noise. If the calculated noise is only slightly larger than this esti-
mate, no readjustment should be made at this point unless the estimted
system noise is nearly equal to or greater than the total system allocation.
O her links may be nore favorable than the estimate and the |ink design

may be adequate.

4.5,30 Adj ust hop/ equi pnent requirenents

4.5.30.1 Wien a cal cul ation shows that a hop will not meet the nedian
estimated noi se requirenment the sources of noise should be checked to

see which one or ones exceed those estinmted on worksheet 4.5-3.

4.5.30.2 It becomes at this point a matter of evaluating the cost of
t he necessary inprovenents. For instance, if nore transmitter power
is required, the cost of the power anplifier must be bal anced agai nst
the requirenent, Such decisions may need to be deferred to a higher

authority
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4.5.31 Estimate short-term signal levels at the receiver input

4.5.31.1 The purpose of this section is to check the adequacy of the
equi pnrent parameters to neet the short-termtime availability require-
ments which correspond to total voice channel noise power |ess than
1,000, 000 pWO during 99.9995% of the year. This time availability y
corresponds to an allowable outage tinme of about 2 minutes per year,
and requires a large fade margin. Its magnitude can be estimated
usual 'y from two causes of signal fading, nanely rain attenuation and
multipath propagation. These effects were discussed in sections 4.2.24
and 4.2.27 respectively. In general, these two effects will not occur
simul taneously since heavy rain will break up any atmospheric stratifi-
cation responsible for nultipath and conversely, during periods of

consi derabl e atnmospheric stratification, rains heavy enough to cause
nuch attenuation are very unlikely.

4.5.32 Rain attenuation
4.5.32.1 Since rain attenuation can not usually be alleviated by

diversity operations, one nust evaluate the percentage of time the
radio hop attenuation is likely to cause the voice channel noise to
exceed 1,000,000 pWo.

4.5.32.2 The first step is to determne the applicable rainfall zone
fromthe maps in Section 4.2.24. To continue with the exanple of
Hop H, assune that it is in Rainfall Zone 3. Fromthe calculations in
Section 4.5.18 there is a 48.8 dB fade margin available using 600

voi ce channels with 200 kHz per-channel deviation. In Section 4.5.19
we considered using an RF preanplifier to increase system gain and
reduce the receiver noise figure, in this case from 10 dB to about

6 dB. This will provide a fade margin increase of 4 dB to 52.8 dB
4.5.32.3 A fade margin of 52.8 dB can be pro-rated to 5.28 dB/km

for a 10 kmrain cell diameter (as discussed in Section 4.2.24).
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For the exanple, figure 4.2-12b (Rain Zone 3) is used to estimte the
percent of time for which the attenuation over the link wll exceed this
val ue by entering 5.28 dB/ kmas the ordinate and determining the

corresponding abscissa value for the (approximtely) 8.2 Gz carrier
frequency. In this case thie involves visual interpolation between the

curves for 7 and 10 Gz.  The result is the percentage of time during

which the 52.8 dB fade margin, pro-rares as described above, will exceede.
For the exanple, this is less than 0.0001% of the time, or less than

32 seconds per year

.4.33 Miltipath Fading.

.5.33.1 Equation 4.2-22 in Section 4.2.27 is used to calculate the
percentage of time that multipath fading will cause voice channel noise
to exceed 10°pWO. Appropriate values of the constants “a” and "b’
based on the terrain and climate of the radio hop nust be selected
which is somewhat arbitrary and a matter of engineering judgenent.
For Rain Rate Zone 3 appropriate values mght be a = 1 and b= 1/4.
For a 43 kmpath length and 8.2 GHz carrier frequency, the fade
margin is exceeded during a fraction of 5.1 x 10'7 of the year or
0.000051% out age tine.
4.5.33.2 To evaluate the total hop outage per year, the outage tines
due to rain attenuation and nultipath are summed and the total com
pared with the desired value of 0.0005% For the exanple the tota
estimted outage time will be less than 0.000151% This is an indica-
tion that the link design is adequate
4.5.33.3 If, for some hop, the estimated total outage time exceeds the
allocated time of 2 minutes per year, fade margin is not sufficient
and will have to be increased if the reliability requirements nust be
met. The methods for increasing fade margin, such as inproving
noise figures, increasing antenna size and increasing transmtter
power are expensive, but can be evaluated in terns of cost versus
increased reliability. Before such methods are considered, we should
eval uate potential inprovenent by diversity operation
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4.5.34 Diversity
4.5.34.1 If a particular hop will not nmeet the time availability require-

nment, the advantages of diversity reception may be considered since at |east
fading depth due to multipath can be substantially reduced as shown in figure
4,5-21 for dual space diversity. This figure is based on the inprovenents
shown in [82] out to the point corresponding to 99.99% of the tinme reliabil-
ity (0.01% outage tinme). Extension of the curves in figure 4.5-21 are
straight -line extrapolations as a first approximation. The fade depth for
any fraction of the year given by the abscissa will be reduced by the amount

of diversity inprovenent read on the corresponding ordinate for the appli-
cabl e type of conbiner. Thus, at 0.0005% a diversity gain of about 26 dB
is expected for selection combining which will reduce the required fade
margin by the sane anmount. Figure 4.5-22 shows the effect of such an

i nprovement on the exanple hop, and worksheet 4.5-11 is provided as an
aid in preparing simlar graphs for specific links under study. The rela-
tions between percentages of time and fade margin in dB are approximated
by straight lines in order to facilitate extrapolations beyond the scale pro-
vided. One may select two convenient values of the fade margin, M,

cal cul ate the corresponding percentages P, using the step-by-step
procedures in worksheet 4.5-8, plot the points on worksheet 4.5-11, and
draw a straight line through these points. Useful values of Mwll usually
be between 10 and 20 dB and 30 and 40 dB, respectively; the threshold val ue
may of course be used for one of the values if it falls within the range of

the graph. For the exanple discussed here, a fade margin of only 20 dB
woul d be adequate to provide not nore than 0.0001% of the year outage

time if dual diversity is used. Median diversity inprovement, Id, as
entered in worksheet 4.5-4, can be estimated from [82] as approximtely
2.5 dB for selection, 3.0 dB for equal gain, and 3. 5 dB for maximal ratio
conbi ners.

4.5.34.2 Questions might arise why such large fade margins are

designed into the hops if nuch smaller margins would suffice. One reason
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is that the |ow nmedian noise requirenents usually wll provide large fade
margi ns. Another reason is that occasionally severe power fading wll
occur due to ducting or trapping, and diversity will not be effective. How-
ever, if a large fade margin has been designed into the system there is a
much better chance that the system w |l not have excessive noise during
severe power fading

4.5.34.3 Diversity conbining techniques such as post-detection maxi-

mal ratio and linear addition may entail sone risk for digital transm ssion
because of unknown and varying differential time-of -arrival values. If the
times of arrival of two |ike data streans are delayed relative to each other
by nore than approximately one quarter of a bit interval (on the order of
nanoseconds for high-speed data), addition on a power or voltage basis may
cause serious pulse distortion and give rise to error bursts. For this
reason, a baseband switch that selects one or the other of the data streans
is preferable although the switching function itself may introduce error
bursts. However, provisions can be nade to avoid unnecessary switching
Instead of letting a set differential in signal level actuate switching regard-
less of the absolute signal level in the two channels, the switch should be
disabled until the signal level of one channel is reduced to values close

to threshold; if then the Ievel of the other channel is significantly higher

swi tching nmay proceed.

4.5.34. 4 A further inprovenent to be made is clock averaging and

bit coherence of the denodul ated data stream so that switching will in
essence be error-free. This and simlar methods are denoted by the

term “hit-1ess switching”.

4.5.34.5 Pre-detection diversity conbiners for digital systens

require devices to insure coherency of the radio frequency phase ( simlar
to those for FDM FM systens) in order to avoid |oss of synchronization
and excessive error bursts. Additionally, nodulation coherency is also

required and may be more difficult to achieve.

4-305



M L- HDBK- 416

15 NOVEMBER 1977
4.5.34.6 At this time there is little information available on the
performance of various conbining techniques for high-speed digital data
an extensive test program would be required to obtain useful quantitative
information that can be applied to system de sign.

4.5.35 Conplete system summary charts

4.5.35.1 The next step in the design is to enter the total nedian noise
cal cul ated for each radio hop on figure 4.5-15 and sumthe nmedi an noi se
values. This is conpared with the System Noise Allocation.

If the calculated noise exceeds the allocation, the individual |inks

shoul d be checked with the idea of reducing nedian noise. This effort

to reduce the noise will be a mtter of the cost and feasibility of nodi-
fications as already stated.

4.5.35.2 If some of the hops are changed, a new set of design sheets
shoul d be prepared and |abeled "Issue 2" to ensure that the |atest

appl i cabl e design will be used.

4.5. 36 System reliability
4.5.36.1 Mathematical nodels used to make reliability calculations for

systems and subsystens ignore common causes of system failures
since they are usually based on reliability figures for randomfailure
of individual conponents from historical data for simlar conponents
operating with load conditions simlar to those expected in the system
In addition to such conponent failures, real systemfailures may also
occur because of human error in design, mnufacture, installation,
operation, and maintenance. Athough reliability calculations wil
usual Iy not accurately predict the reliability of a mcrowave subsystem
they are useful because no subsystemis likely to work adequately if the
conputations indicate a lack of required reliability. System reliabil-
ity my be estimated in three ways:

a. on the basis of the reliability of its components

b. on the basis of statistics for simlar systems; and
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C. on the basis of the system's own past history.

Reliability estimates nade on the basis of a microwave relay system s
own history are the nost accurate. |f proper use is made of such
historical data, reliability can probably be increased since weaker

el enents of the system are known and may be inproved.

4.5.36.2 None of the three nethods |isted above can be expected

to adequately estimate the probability of failure of high-reliability
systems due to catastrophic causes such as tornadoes, earthquakes,
vandal i sm or sabotage. Only route diveristy offers sone protection

agai nst such out ages.

4.5.37 Reliability cal culations
4,5.37.1 The reliability R of a conponent or subsystem can be defined

as the ratio of the time that the device is in service to the time that it
is desired to be in service. R may be estimated as foll ows:
MTTR

MIBF

MITR is the “mean time to restore” and MIBF is the “nmean time
between failures”. MITR consists of the sum of tinme periods required

to locate the faulty device, report the fault, transport a replacenent,

R =1- (4.5-16)

install the replacement, and the turn-on-time for bringing the system
back into service. Sone or all of these periods may be elinminated or
drastically reduced by automatic sensing, swtching, and reporting

For fully redundant devices, estimates of reliability must be made on
the probability of nore than one failure at the same time. For cases
where only one additional device is available for instantaneous replace-

ment, the redundant reliability, R fe o ™ be estimated fromthe
equation
R oq =1 (MITR) (4.5-17)
( MTBF) *
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4.5.38 A practical exanple of LOS systemreliability

4.5.38.1 Enpirical information on the reliability of major |ong-

di stance Canadian radio-relay systens for the period 1963 - 1968
inclusive is given in [81], pp 133 - 138. Figure 4.5-23 shows the
percent reliability based on the 2500 km Canadi an system Note the
reliability increase for successive years. The total interruption tine
given by the conplement of the ordinate in 4.5-23 divided into its
various conponents is shown in figure 4.5-24 and the distribution of
the various outage causes noticeable changes as the system ages.

4.5.39 Causes of system outage

4.5.39.1 Listed bel ow are sone causes of system outage.

a. Interference fromexternal sources.

b. Interference frominternal system sources

C. Signal fading over individual hops.

d. Equi prent failure due to component or subsystem
failures.

e. Equi pment failure due to human error.

f, Equi prent failure due to catastrophic events such

as tornados and earthquakes.
. Equi prent failure due to vandalism or sabotage.

The true reliability estimate nust be based on the probability of any

of these events occurring and the probability of correcting the failure

with in a given period of tine. Only the system outage causes (c.) and
(d.) seem anenable to analysis and only part of the probable system

outage time due to signal fading can be analyzed effectively (para.

4.4.11.2).

4.5.40 Designing for reliability
4.5.40.1 Reliability estimates for the total system if to be made

shoul d be based on the nost relevant available statistics on hop relia-
bility. Such statistics should be from links using the sane type of

4-308



M L- HDBK- 416
15 NOVEMBER 1977

100 ]

% ) \/
;.
g /
A
" \w/ﬂ %68

Figure 4.5-23 Operating reliability of the mgjor Canadian
radio-relay systenms.

H Equipment failures [J Propagation [E¥] Human errors [ Unlocated

70

50

30

Percentage of yearly outage

. MOnolh

3383'58 3308583

Figure 4.5-24  Sources of service failures in Canadian radio-relay
systems shown as a percentage of yearly outage.
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equi prent and located in the same geographical area as the proposed
systens. These data are not usually available. An additional problem
inestimting systemreliability is that hop reliability, even within

the same system is seldomvery uniform Systemreliability will
usual 'y be determined prinmarily by only one or a few hops, and as the
system ages and corrective measures are taken, hop reliability values
will change. Therefore, it is generally nmore useful to plan and design
for high reliability than to try to estimate it.

4.5.40.2 Sone general rules for reliability planning have been inplied
in previous sections and can be summarized as follows:

a. Avoid field installation procedures wherever possible
such as field installation of RF cable or waveguide
fittings.

b. Were field installation is required, specify an appli-

cable mlitary or industrial code or standard

C. G ve special consideration to the planning of the inter-
faces between subsystens especially where they nust
be procured from separate sources. Exanples are
between prinmary power and RF equi pent, between
antenna nounts and towers, between transm ssion
lines and antennas, between test equipment and the
conmuni cati ons equi pnent, and all wavegui de con-

nections.

d. Attenpt to procure reliable subsystens by nmeans of
specification and testing

e Select reliable propagation paths

f, Use redundancy wherever economically feasible.

Close the systeminto one or nore |oops if possible.
h. Provide for automatic fault sensing and reporting

. Provide a readily accessible inventory of spare nodul es
and other system conponents

i. Design for sinplified maintenance by providing for
nodul e replacement in the field, with trouble shooting
and repairs handl ed by manufacturers.

K. Provide adequate trained operations and maintenance
manual s and training courses for personnel
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I, Design a system which pernits as many subsystens
as possible to be down for testing without interruption
of service. Cosed-loop systems can provide this
feature.

m  Provide for adequate primary power reserves (fuel
supply and battery reserve) at renote sites which may
be isolated due to weather conditions for extended
time periods.

4.5.41 Exanpl es of Filled-in Wrksheets
4.5.41.1 This section includes filled-in worksheets 4.4-4, 4.4-5, 4.5-4,

4.5-5 4.5-6, 4.5-7, and 4.5-8. A single line-of-sight |ink approximtely
50 kmlong is used as an exanple. Based on dual diversity with equa

gain conbining, an inproved equipment noise power ratio (NPR) of 58 dB

was assuned; on this basis, the Iink neets nmedian noise objectives with 10 W
transmtter power. Additional nunbers in parentheses above the various

entries correspond to 1 Wtransnitter power. |In this case, the approxi-
mately 155 pWO noi se objective for the 51 km path is not net.
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Site Identification

a YOLMER

o |

(Name) (Abbreviation)

(2)

M2

LYoNS

(Name) (Abbreviation)

Site Location and Physical Parameters

(3)

(5)

(7

(13)

(15)

(¢ %))

{19)

(21)

(23)

raticose 3¢ 723" 20" M

Longitude /1.0"3/' 20" W

Altitude above mean sea
level 402 m.

UTM Coord. /VSGF 22242973

Proposed upper antenna

height above (7), /00 a.

Proposed vertical diversity

antenna separation from (13),

S =

Proposed antenna type,
LARAB0OLI <

size /0 ft, 3.0¢8 n»

Expected antenna gain

r -
4.5 ap above isotropic

Design center carrier

frequency 3 .0 GHz.

\Wrhsheet 4.4-4. Link Design Sunmary, Part 1

(4)

(6)

(8)

(14)

(16)

(18)

(20)

(22)

(24)

Latitude 36° 37’ 43“ ¥
Longitude /20" o1’ T oW

Altitude above mean sea

level ‘5’23 m.

UTH Coord. [0SGFESY 1 758

Asimith & M
Aasimuth to (1;,

238° 49’ §¥ "True

Proposed upper antenna

height above (8), /0O m.

Proposed vertical diversity

antenna separation from (14),

<

Proposed antenna type,

PARAB OL <

Size /‘7 ft, 3.&5‘8 m

Expected antenna gain

P
4573 ap above isotropic

Receiver noise threshold

=174 + 10 log BI? + P

— 2.9 amn.

(Exampl e)

4-312

sec.

s8€eC.

secC.

4.4.3

4.4.3

4.4.3

Worksheet 4.4-1

secC.

4.4.24

fig. 4.4-33

fig. 4.4-30

par.

4.4.2.2
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(25) Required waveguide length, (26) Required waveguide length, worksheet 4.4-1
f
/10 m. 110 n. (for tower heights)
(27) Proposed wavequide type (28) Proposed waveguide type sec. 4.4.40
EW=-71 EWV =y
(29) wWaveguide loss per standard (30) wavequide loss per standard _fig, 4.4-43
length 2 dB per 30.5 n length 2 dB per 305 m
(31) Waveguide loss A, .2 an (32) Waveguide loss Ay -2 ab fig. 4.4-43
(including connectors) (including connectors)
(33) cCirculator and/or Diplexer (34) Circulator and/or Diplexer par. 4.4.43.1
Losses A Losses A
c c
Transmit /.0 ap Receive /.0 aB
(35) 1Isolator Losses A: (36) Isolator Losses A:
Transmit —_— dB Receive -~ dB

(37) Net fixed losses, (31) + (32) + (33) + (34) + (35) + (36),

164 .
i) (#32)
(38) Proposed transmitter power /O watts, %0 dsm. sec. 4.4.44
(39) path length _$/. 2% km. worksheet 4.4-1
(40) Free space basic transmission loss, Lygr /49. 7dB fig. 4.2-7 or
(4.2-1)
(AN RAbmmmamth nand Y i - a e
\=x ALUBOSPREri< absorption, A‘, (X as . fig. 4.2—8 &

sec. 4.2.22

(42) Net loss, (37) + (40) + (41), /6/.F as.
Crar.v)
(43) Net gain (21) + (22) + (38) (aBm)_ /3 /.0 asm.
(-v0.7)

(44) Expected median receiver input power, Pt, (43) - (42) - 30-2d3m-

(45) Order of diversity used JQUAL .

(46) Type o

i
R
jed
<
o
N
[+]
-
o+
<

combiner ugsed KZ AL Ve 204

ity combiner used ZIFI"" 77V ¥

(47) Rain rate zone 2 . fig
4.2

Wor ksheet 4.4-5. Link Design Summary, Part 2
(( Ex ampl e)
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4.3

4.4

4.11

Number of equivalent voice
channels, n 300

Voice channel bandwidth, bc 3100 Hz

Maximum modulating /2 © xuz
frequency, f_

Baseband bandwidth, B, 12%0 xns
RMS load factor, LP /4.8 ammo
Numerical RMS load factor tf S.-44
Peak factor, PP 13.5 a8
Numerical peak factor, pf 4.73

RMS per channel deviation, 8f _Z20¢ kHz
RMS carrier deviation, &P /Dfé kHz

Peak carrier deviation, AP {/ g/ kHz

Receiver IF bandwidth, B . 12,9¢1 xu

Receiver noise figure, P /0.0 ap

Receiver noise threshold -l“—_'z‘dsm
FM improvement threshold -82.9asm
Pre-emphasis improvement, Ip 4 dB

Median diversity 3.0 a8

improvement, Id

Radio set NPR (b’ dB

(Usable bandwidth)

is the lowest frequency

-10 + 10 log n

antilog(PF/20)

8P = (L£)(6f)

AP = (pf)(Lf) (6f)

B!P = 2(AF + f.'-)

+ 10 log BIP(Hz) + F

sec. 4.1.3

table 4.5-2
(upper baseband
limit)

table 4.5-2

@
cr
(0]
o
£~
un

par. 4.5.27.2

step 4.7

par. 4.5.16.4
& table 4.5-2

step 4.6 & 4.9

steps 4.6, 4.8,
& 4.9

steps 4.3 &4.11
table 4.5-2

par. 4.5.16.4
& 4.4,45.13

steps 4.12, 4.13
or par. 4.5.27.2

par. 4.5.27.2

sec. 4.5.26

par. 4.5.34.1
worksheet 4.4-5,
step (46)

par. 4.5.20.3

Worksheet 4.5-4. Basic Paraneters for Median Noise Calculations

( Ex amp
4-314



.10

.11

.12

Transmission line or wave-

guide length, transmitter

Type of transmission line

or waveguide

Percent velocity of propa-~

gation

0y

Velocity of propagation, v 2-/9~/f ®/gec v = (3 x 10%) (av x 1072

4
[WrlC sec

Echo delay time, T = 2L/v
Radian delay f./lraa e
Parameter A 0. g’f 3 A= Gr/fn
s/ - 5.1 ap
Transmit system
Antenna return loss RL 26 dB
ANT
RF interface return 35
loss m'RFI dB
2, -
Echo amplitude, r 7 ‘1‘d.B x RLm + RLRFI + 2At2,
Transmit signal-to-distor- P
tion ratio, s/D 77-5 4B S/D= (S/D-X) +r
Transmit signal-to-~feeder Bb
echo noise, S/Nf 28.7 dB s/Nf = S/D + 10 log 5 - LF
c
90 - S/Ng

Transmit feeder echo noise,

N¢ (trans.)

103{,pw0 N, =

antilog 10

\Wrksheet 4.5-5. Transmitter Feeder Echo Noise Calculation

( Exanpl e)
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worksheet 4.4-4
& sec 4.5.19

fig. 4.5-18

par. 4.5.21.4

par. £.5.21.4

par. £.5.21.4

par. 4.5.21.4

fig. 4- _19
par. 4.5.21.4
4.5.21.5

from applicable
standards or
manufacturer's
specifications

par.

par. 4.5.21.5
step 5.8, &
step (31) from
worksheet 4.4-5

par. 4.5.21.8
step 5.7 & 5.9

par. 4.5.21.8

par. 4.5.21.8
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6.1 Transmission line or wave- . worksheet 4.4-4
guide length, receiver J/O m sec. 4.5.19
Type of line or waveguide EW-1Y

6.2 Percent velocity of fig. 4.5-18
propagation 73 W
I'4 -
6.3 Velocity of propagation, v Z./7A/Wm/gec v = (3 x 108) (sv x 10 2, par. 4.5.21.4
£
6.4 Echo delay time, T 1.0#]0  sec T = 2L/v par. 4.5.21.4
e i/ - oo s = w8
6.5 Radian delay 8-/6 rad 21!1-1’ par. 4.>5.21.4
6.6 Parameter A U.8%3 A = 8F/f par. 4.5.21.4
6.7 S/D-rx 15,1 an fig. 4.5-19
par. 4.5.21.4
6.8 Receive system par. 45..21.5
Antenna return loss RL, . 2¢ ap from application
standards or
RF interface return manufacturer's
loss Rlgpy 3 2 a8 specifications
6.9 Echo amplitude, r 2.4 ap ro=RL b Rl +2h par. 4.5.21.5
step 6.8, &
step (32) from
worksheet 4.4-5
6.10 Receive signal-to~-distortion 7. »"dn S/D= (S/D-1) +r par. 4.5.21.8
ratio, S/D step 6.7 & 6.9
6.11 Receive signal-to-feeder A By
echo noise, S/N, €8. /a8 S/Ng = S/D + 10 1og §~ -LF  par. 4.5.21.8
6.12 Receive feeder echo noise, 90 - S/N¢ par. 4.5.21.8

/.35 - b’ 4
Nf (receive) M Nf antilog 10

Wrksheet 4.5-6 Receiver Feeder Echo Noise Calculation
( Exampl e)
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7.1

7.3

~3
.
&

7.5

7.6

7.10

7.12

7.13

Note:

Total feeder echo 2 7 pwo
noise, N

£
Signal/equipment intermod- 672 dB
nlatinnm e /My
Haiatildn, S/N

Equipment intermodulation L0 pwo
noise, N
e
Calculate 20 log —gﬂ -/6.3as
m

Calculate 10 log KTb_ + F  ~/24 / am
Signal-to-thermal noise [12.8 aB
ratio minus received
signal level, S/Nt - Pr
Draw quieting curve on
worksheet 4.5-10

(~937)

- - G

P_(0.5) = (- 3 aB) 334 aem

(¢89)
Median signal-to-thermal 7% 7 am
noise ratio, S/Nt(O.S)

(izg9)
Median thermal noise, /2.9 pwo
N_(0.5)
t

L?L.‘I)

Emphasis-improved signal-to- g2, 9 dB
thermal noise ratio,
S/N__(0.5) .

te ¢ Il )

Emphasis~improved thermal S/ pWO
noise, Nte(O.S)

(1737)
Total median noise, N.(0.5) i27.¢ pWO

Median values are denoted by (0.5).

Ml L- HDBK- 416
15 NOVEMBER 1977

N

By
S/N_ = NPR + 10 log — - LF
e bc

90 - S/Ne

Ne = antilog 10

-139.1 + F

S/Nt - Pr = -10 log l(’l‘bc -

F + 20 log (Gf/fm)

(S/Nt - Px') + Pr(O.S)

Nt(O.S) =

90 - S/N,_(0.3)

antilog 1

s/Nte(o.S) = S/Nt(O.S) + Ip

Nte(0.5) =

90 - s/nte(o.S)
10

antilog

NT(O.S) = Nte(O.S) +

N_ + N
b4 e

\Wrksheet 4.5-7 Calculate Median Total Noise Performance

( Exanpl e)

4-317

£ Nf(trans) *+ Nf(rece:‘we)

step 5.12& 6.12

step 4.13, &
par. 4.5.27.2

step 7.4 & 7.5
& par. 4.5.27.2

par. 4.5.27.3

par. 4.5.18.
worksheet 4

step 7.6 & 7.8

16
4-5

step 7.9

step 7.9 & 4.16

step 7.11

step 7.12,7.1
& 7.3
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/384)

8.1 Fade margin, M //?'Z ds P,(0.5)-FM Imp. Thresh., or step 4.15,7.8

£
:ﬁi(o:)-so; (s/zlq{_ -P), & 7.9
. chever 1s smaller sec. 4.5.16
(2 ed ] s ,
8.2 Percent time Hf is 0.000L1 me = 6x10 ‘axbx £xd sec. 4.2.27 & par.
exceeded, P . - (Mg/10) 4.5.33.1
x10
8.3 Divide Mg by path length d 42 dB/km var. 4.2.24.2
or 10, whichever is less
8.4 Percent time fade margin < ¢-V0[y Enter value from step 8.3 worksteet 4.4-3,
is exceeded due to rain as ordinate on graph of step (23)
attenuation, P__ fig. 4.2-12 for the e Volaas L A_E
, mir appropriate rain zone and WOIRSHeEL J.37J,
4 read 8 time value of step (47)
abscissa for carrier fig. 4.2+12
. oy  frequency, f nar. 4.5.32.3
((),l«'r’éi’/’) PALle [eJdel&es
.8.5 Total percent time fade 0.oorf met = me + mez step 8.2 & 8.4
margin is exceeded, P
mnft
8.6 Received signal level at -82.2 amm P (0.5) - M, step 7.8 &8.1
FM threshold, P
rTH
8.7 Thermal signal-to-noise 30.0a8 (S/Nt - Pr) + Pr‘m step 7.6 & 8.6
ratio at threshold,
S/NtTﬂ
8.8 l:/nghas:t:;improved, 34.0as s/NtTll + Ip step 8.7 & 4.16
tTH
90 - S/N (E)
8.9 Emphasis-improved thermal 7%, //0 pwo anilog _—t™H
: —Agn'\ -t &hgnnk‘.\‘ : 10 Step 8.8
IVADT Gl UUILTOIIVLAU
Ny (B)
8.10 Total path-independent /122.7 owo N_ + N a+an 7 1 £ 7 7
= = bl —_— £ e STEpP /7L O /.0
non-linear noise, N,
im
8.11 ‘Total emphasis-improved 39 233pw0 N, + N, __..(E) sten 8.9 & 8.10
—— im tTH w&r (R4
noise at FM threshold,
N'I'I'H(E)
(nr)
8.12 Is total noise Npy(E) 11/3 (yes or no) step 8.5 & 8.11

<1,000,000 pwO and

percent txmg4met less
than 5 x 10 72

waan

Vrksheet 4.5-8. Calcuate Short-Term Noise Perfornance
(Exampl e)
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8.13

8.14

8.15

8.16

B.17

8.19

8.20

8.22

8.23
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If “yes", and diversity was not selected previously, link design is completed.

If "no", or diversity has already been selected, continue.
If "no", and diversity was not selected previously, re-do
steps 4.17, 4.18, and 7.2 through 8.12; then continue.

Plot line for non-diversity
fade margin versus % of
time on worksheet 4.5-11

Read diversity improvement at
percentage Ppee and other ( 235 ;‘:t (V-cvy ,‘7,,\/\

desired percentage values for
type of combiner used

par. 4.5.34.1
step 8.1 & 8.5

fig. 4.5-21
worksheet 4.4-4,
step (46);& 8.5

d
Decrease fade margin values at step 8.14 & 8.15
P and other desired per-
mft ar. .34.1
centage values by the approgri-["{.l) (.00 2 ’/;) P 4.5.34
ate Ij values 2J.Ya8 Hf - Id(v.ku %)
l;lgt lineifot diversit}(—ix.nproved step 8.16
ade margin versus % of time on
worksheet 4.5-11 par. 4.5.34.1
Diversity and emphasis improved (o o step 8.8 & 8.15
thermal signal-to-noise ratio [‘7"> WD )
S/N¢ (E,D) at Ppg, percentr 62.5ap S/NtTH + I + Id(D.M.‘.I\)
age of time p
Diversity and emphasis improved (1952 step 8.18
thermal noise N.(E,D) at Pnet 75 ) S0 - S/‘ﬁt {E,D) P
percentage of time scL pWwO0  antilog 10
Estimated total percent of Read abscissa for diversity- step 8.1 & 8.17
outage time after diversity improved fade margin line on
and emphasis improvement £0.U/2/% worksheet 4.5-11 where it
intersects the ordinate
value for Mf
"2
Total noise Np(E,D) at Ppe, ¢ 2773) step 8.10 & 8.19
percentage of time 633 pwo Nt(E,D) + Nim
(ys)
Is total noise <1,000,000 j/f)ﬁ(yes or no) lIf answers are no,
pwWo ’ adjust parameters
and recalculate
Is total4outaqe time [7’“) noise performance
S x 107% ¥M (yes or no)
If total noise cannot be Calculate ratio of total step 8.1

reduced to <1,000,000 pwWoO,
estimate percentage of
time during which
1,000,000 pWO is exceeded

VTR

noise to 1,000,000 pwo,
converted to dB, subtract
from Mg, and read on the
diversity improved line of
worksheet 4.5-11 the per-
centage value correspond-
ing to this ordinate

worksheet 4.5-11

\orksheet 4.5-8. Calculate Short-Term Noise Performance (continued)
(Exanpl e)
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SYSTEM QUIETING CURVE +
{See section 4.5.27)

R From VOLNER !
...... : To LYONS
Number of channels 300 ]
......... RMS per chanrel deviation ___ 200 vz
RF bandwidfi 12.961 kHz
........ FM threshoid -82.9 dBin
........ Receiver noica figure __ 10.0 dB |
S Order of diversity DUAL
: e Type of combiner EQUAL 6AIN
!
-120 -110 -100 -90 -30 -70 -50 -&0 -40 -3

RECEIVED SIGNAL

Worksheet 4. 5-10.

dBm

System Quieting Curve (Example)

4- 320
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CHAPTER 5
FACI LI TY DESI GN

SECTION 5.0 | NTRODUCTI ON

5.0.1 In the previous chapters of this handbook, guidelines were
provided to the design engineer for site selection, per f or mance
of surveys, and acconplishing the necessary calculations for path
performance predictions. This chapter provides the facility

design engineer with guidelines for arranging facilities and

equi pment  on t he sel ect ed site, developing installation
specifications and i nstructions, and speci fying har dwar e
necessary for installation of the facility. The criteria

contained in this chapter should be considered only as an
iIlustration. Latest issues of applicable mlitary standard
shoul d always be consulted for the definitive criteria that are
in current use. Those responsible for recommending site
sel ection and conducting site surveys for |ine-of-sight mcrowave
comuni cations stations should consult DCA G rcular 370-160-3,

Site Survey Data Book _for_ Communications Facilities, Novenber

19/ 1, including Supplenment 3, Change 2, titled Line-of-Sight
Station, dated July 1972.
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SECTION 5.1 SITE PLANNI NG

5.1.1 Ceneral

5.1.1.1 This section is intended to contain information on al
t he usual aspects of planning a mcrowave communications station.
Not everything discussed here will apply in every situation. The

nost extensive site planning is ordinarily done for an

installation that will be new, a large comunications hub, in an
undevel oped area and utilized sol ely for m crowave
communi cati ons. If the m crowave conponents are to be |ocated at

a new, nultipurpose site, the microwave engineer need only
provide his specialized requirenent to the office directing
overall planning. |If an existing site (and structure) is to
acconmodate m crowave comunications, it wll be necessary only to
nmodify the site/building plan to include the addition of
m crowave equipnment and plant. Once a particular site or
location is <chosen for a new mcrowave radi o facility,

specifications and instructions for preparation of the site nust
be generated. The content of the installation specifications

must be such that a general contractor/ qualified Governnent

personnel can acconplish the necessary site preparation, install
the equipnment and place it into operation. If the work is to be
i npl emented by contractual actions, the specifications nust

conply wth the appropriate procurenent regulations in both

5-2
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format and content. In many cases the nethod of nplenentation
is not known at the tine the specifications are witten; that is,
whether the nmethod of inplementation wll be contractual or
organi c. Therefore the specifications should generally be

witten so that they nay be used in either case.

51.1.2 The bulk of the specifications will be in the form of
drawi ngs suppl enmented by witten specifications. These
specifications define those aspects of the work that can be
adequat el y described in words or cannot be easily illustrated.
The following areas of activity should be covered for tota

devel opment and construction of a conmunications station

a. Site layout and plot plan.

b. Access roads and parking areas.

c. Site preparation, clearing and grading (maxi mum sl ope of

5 percent)

d. Building design.

e. Water supply and sanitation systens.

f. Antenna footings and/or structures.

,9-3
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g. Prinme and auxiliary power.

h. Heating, air conditioning and ventilating.

Site security fencing and |ighting=

j. Real estate requirenments.

5.1.1.3 Witten specifications nust be accurate, conplete, and
conci se. They should define the extent of the work, specify the
materials to be used, and establish responsibility for the
performance of work. In sone cases part of the work may be
performed at more than one site by the same activity, whether
Governnment  or contractor. I'n t hese cases the witten
speci fications may have general clauses applicable to all sites

and specific clauses applicable to individual sites.

5.1.1.4 A set of installation specifications will be required
for each mcrowave radio relay station. | ndi vi dual site
specifications wll be influenced by the present requirenments of

the overall system and of the prospects for future expansion of
the system  These requirenents are derived from system plans and

speci fications.

5.1.1.5 The cost of future expansion can be reduced considerably

by taking reasonable effort to ensure that: adequate space is
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available in the building or additional space can be nade readily
avail able; the power equipnent is adequate for future needs; and
the initial equipnment is so |located that rearrangenment, rewring,

and nodifications are reduced to a m ni mum

5.1.1.6 Where new construction is planned for the exclusive use
of the LOS communications facility, considerable thought should
be given to the use of the sane type and size of buildings at a
nunber of sites with simlar mssions. Site adaptation of a
basic definitive design is comon practice in the design and
construction business and this practice is often used by the US

Gover nnent .

5.1.2 Site Pl an.

5.1.2.1 Developnent of site plans require close coordination of

all aspects of civil and conmunications systens engineering to

determ ne the optinum site configurations. The follow ng factors

shoul d be considered when optimzing the site |ayout:

a. Site topography.

b. Avail abl e area.

c. Size, nunber, and types of buildings.
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d. Direction and number of transm ssion paths.

e. Size, nunber, and height of antennas and supporting

structures.

f. Projections or obstructions to radio paths.

5.1.2.2 The preparation of the site plan should be concurrent
with the planning of the equipment building layout, since the
orientation and location of the tower and equi pment building may

i nfl uence equi prent |ayout design.

5.1.2.3 A typical site layout should concentrate on neking the
equi pnent  building the center of site operations. The antenna
structures should be placed as close to the equi prent building as
possible, consistent with design codes and standards to nininze
the transmission line lengths required between equipment and

ant ennas. Figure 5.1-1 is an exanple of a site |ayout.

5.1.2.4 The nunber and direction of transmi ssion paths specified
normal |y determine orientation of the equipment building wth
respect to the site and the tower. A power generator building
may be used separately from the equipnment building, but is
located sufficiently close to mnimze power cable voltage drops
between generators and equipnent. It wusually requires less

effort and cost to collocate the power generators/equipnment in
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the sanme building with the el ectronics equipnent; in this case
the building should have a specially designed room for generators
to mnimze noise and vibration and any hazards such as toxic
fures and fire. Odinarily, a generator is secured to the floor
t hrough vibration nounts. The engi ne exhaust pipe to the outside
is quieted by a nuffler placed close to the engine. Fuel storage
areas should be located where the peak RF power density is |ess
than 5.0 watts per square centineter, In those cases where it is
necessary for the personnel to live on site, every effort should
be made to provide as nuch isolation as possible between the
living area and the work area. In many cases, physical isolation

alone is not sufficient for health and safety of personnel;

therefore, if required, sound absorption material should be
installed on walls separating work and living areas. In the case
of a small installation this may have to be acconplished in the

same building; while, wth a Jlarge installation it would be

preferable to have separate buil dings.

5.1.2.5 The topography of the site area often has an inportant
ef fect upon the site layout. \Wen necessary, conpromises in site
layout are effected to keep site preparation and grading within

reasonable limts.

5.1.2.6 If the microwave station being pl anned requires
attendant personnel, it wll be necessary to |ocate water for

their use. An adequate supply of safe water for donmestic use and
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fire protection nust be available at all tines. Dormestic  wat er
requirements at an jnstallation include dri nki ng, cooki ng,
washi ng, bathing, sewage disposal, and possibly a smll anount

for watering cultivated areas. Most repeater sites do not

require or justify elaborate systens and can be supplied by water

trailer, community water main, etc. Terminal sites will wysually
be located in proximty to major conmpounds and can be supplied by
the existing system

5.1.2.7 The final site plan should show.

a. Site boundary and property lines.

b. Location and di mensi ons of buildings, tower, foundations
fuel tanks, driveways, wal ks, retaini ng wal | s_ dr ai nage
structures, water supply and sewage disposal (if required),

fenci ng, access roads and parking areas.

C. Basel i ne and bench marks.

d. El evati ons, azimuths, and coordinates for the center of

each ant enna.

e. Underground utilities.

f.  Underground services.
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g. Existing buildings facilities and roads.

h.  Magnetic North direction/orientation

i. Awvicinity nmap.
5.1.2.8 Developing a site plan is the responsibility of the
civil engineering authority based upon the communications system
requirements as follows:

a. Were services and consequently facilities are required.

b. Type and vol unme of equi pnent space determ ned by anount

and kind of equi pnent and physical support required.

C. The degree of operation and naintenance required

governi ng personnel requirenents.

d. Environnmental and power requirenents.

e. Location and alignment of antennas.

The LOS communi cations engineer has the responsibility of
gathering this data and translating it into requirements civi

engineering can wuse in preparing the site plan. For existing
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facilities a site plan should already exist and should be revised

to show new construction. When the project involves t he
installation of equipment inside an existing, properly identified
bui | di ng, it should not be necessary to include a site plan with

the engineering specifications.

5.103 Access Roads.

5.1.3.1 A prelimnary engineering st udy, prior to t he
devel opment of all weather site access roads and parking areas,
shoul d take into account vehicular traffic demands. Al though the
final access road position wll depend primarily on site
| ocation, | ayout, and topography, the final design should offer
direct routing, adequate right of way visability, good foundation,
proper drainage, and degrees of curvature and grade consistent

with good highway engineering practice.

5.1.4 Site Preparation.

5.1.4.1 The witten specifications should include instructions
concerning the clearing of the site and the extent of excavation,
backfilling, and grading. They should also include instructions
for the construction of driveways, walks, retaining walls, and

f enci ng.

5.1.5 Building Desiagn.
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5.1.5.1 The size of a building used to house m crowave equi pnment
depends upon the station function. In particular the follow ng

factors nust be consi dered

a. Size and quantity of required equipnent and possible

future equipnent.

b. Necessary working space around equi pment.

c. Required space for maintenance purposes.

d. Per sonnel requirenents (desk space, sanitary

facilities).

e. Housing of power equipnent.

5.1.5.2 At sonme sites. contenplated use of existing buildings
necessitates investigation of |oad bearing capabilities of the
floor. The need for heavy antenna nmounts on the building may

require building reinforcenent.

5.1.5.3 At renote sites new buildings may be erected. The type

of construction depends upon physical conditions peculiar to the

locality, and availability and relative cost of construction

material s. Ot her considerations include the required strength
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and durability of the building, and necessary nmintenance

Additional factors affecting the type and strength of a structure
are: climatic conditions, tenperature range, w nd velocities,

and anmount of rainfall and/or snowfall. Transportation and
handling costs and site accessibility affect the selection of
construction materials. Local codes governing the use of certain
materials and met hods of construction nust be investigated. The
availability of skilled labor may be a deciding factor. In areas

where a considerable anount of snow and high winds are to be
expected, such as nountain top sites, enclosed wal kways should be
provi ded between buildings. Also suitable provisions should be

made to ensure that the access road can be kept open.

5.1.5.4 For snmall stations the above requirenents can be net by
using either sheet metal or masonry construction. Sheet netal
buildings <can be prefabricated, easily erected, and readily
enlarged or relocated if need be. Masonry buil di ngs have greater

durability.

5.1.5.5 For each building an Architectural and Engi neering (A&E)
drawi ng package that includes the follow ng categories of plans

shoul d be prepared:

a. Gvil Plans - site, grading and utility plan, sections,

profiles, details, and boring | ogs.
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h. Architectural Plans - floor plans, elevations, details,

schedul es etc.

C. Structural Plans - foundations, roof and wall sections,

el evations construction details, etc.

d. Electrical Plans - electrical distribution, power
di stribution, control  panels, lighting schematics, groundi ng

pl ans and details.

e. Mechani cal Plans - heating, ventilation, and air

conditioning plans, diagranms and details.

f. Pl unbing Plans - water supply and sanitation facilities

pl ans, diagranms and details.

5.1.5.6 The equipment to satisfy the initial conmunications
requirements determines the floor space requirenents of the
station. The kind and quantity of equipnent as well as the type
of operation dictates space to be provided for the el ectronics
bays plus power and other corollary equipnents and for personnel

If at all practical the equiprment |ayout should be planned in
such a manner as to afford sufficient space for the installation
of equi pment capable of handling the maximum projected traffic
| oad. The initial equipnment |ayout should be such that ultimate

expansion of the station facility can be acconplished without
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extensively rearranging already installed equipnent. Allowance
of space for future equipnent can be determined if specific
equi pments for future installation are known, otherw se, an
estimate based upon the requirenments of simlar equipments should
be nade. Wen planning a new communications facility, the
engi neer should take into consideration the possibility of
installing additional equipnment in the floor space bei ng
provi ded. The expansion capability for future growth should be
determined on a site-by-site basis, based on many factors, such
as anticipated need, cost, etc. In addition, its design should
include a capability to enlarge the station from at least one
wal | . Specific bui | di ng design criteria associated wWth
communi cations station requirements are di scussed in t he

fol l owing paragraphs.

5.1.5.7 Building of single story, rectangular construction are
most common for exclusive utilization by m crowave radi o
conmmuni cat i ons instal |l ations. Equi prent bui l dings may be
physical |y separated from other site buildings such as powver
generator buildings and living quarters. Wen a single building
is enployed, one end would normally be used as the equipnent
room the center of the building for maintenance and storage, and
the opposite end for adm nistrative functions at the station. A
good way to segregate a single, al | - purpose, m crowave radio
communi cations building is to have one wing for conmunications

equi pnent, a second wing for power generators, and others for
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living quarters and offices. Storage and nmintenance should be
situated close to the communications equipnment area. Buil dings

with nmultiple stories also afford easy segregation of functions.

5.1.5.8 To determine the space requirenents and |ayout of the
building, floor plans should be devel oped showi ng the |ocation of
al | equi pnent  in t he operations and maintenance areas.

Requi renments for spare parts storage space are determned by the
types of equipment, and |evel maintenance to be perforned at the
station. Consi deration should be given to the reduction of spare
parts storage requirenents resulting from inproved equipnents,

and streamined mmintenance and supply technique now being
enpl oyed. Space requirenments for admnistrative and sanitation
facilities are determined from the nunber of personnel progranmed

for normal operation and maintenance duty at the station.

5.1.5.9 At least one outside door to the equi pment room capable
of passing the largest single conponent that may be noved into
the station is required. A loading ramp or dock nust be provided
imedi ately outside this door to facilitate |oading and unl oadi ng
heavy equi pment from trucks. If the building floor is at ground
| evel hardstand should be provided from the drive to the

equi pment room frei ght door.

5.1.5.10 Ceilings in the equi pment area should be at least 10

feet above the floor level for adequate ventilation of standard
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ei ght-foot equipnment racks. This height also provides proper
diffusion of |ight throughout the equipnent area from ceiling
| uni nari es. In the case of large installations a unistrut grid
with 4 ft spacing is normally provided belowthe ceiling to
provi de support for the various cable racks or trays that may be
required above t he equi pnent bays for t he equi pnent

i nterconnecting cables and power distribution |ines.

5.1.5.11 The building floor nmust be designed to support the

heavi est item of equipment likely to be placed upon it as well as

the total weight of all equipment on it. Overall, the floor
shoul d support the entire weight of all stationary and wheeled
equi pnent , personnel,  supplies, storage, and non-load bearing

walls, and should provide sufficient overload factors to
acconmodat e t he installation of heavi er or addi ti ona

comruni cations equi pment for future expansion. Todo this a
m ninmum floor |oading of 100 pounds per square foot is usually

consi dered adequat e.

5.1.5.12 Provisions nmust be nade in the walls, ceiling and roof.
of the equipnment buildings for installation of transm ssion |ines
running to the outside of the building. These exit ports require
“tailoring" to the installation at each station, and may include

RF shi el di ng.

5.1.5.13 Sone microwave stations will require the installation
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of various types of hardware on the roof of the building such as
roof ventilators (added by the building construction authority)
and root nounted antennas (as required and specified by m crowave
LOS engineer) . A roof plan should be provided show ng all
pertinent details that wll be required by the per sonnel
responsible for the installation of the station. There are
usually two major factors that wll determne the specific
| ocation for the placenent of antennas on top of a building. The
first wll be the location of the tower nounted reflector or the
adj acent station to which the antenna will be directing a signal,
and the second will be the relative location of the mcrowave

equi prent  within the building. Having the antenna in proximty

to the mcrowave equipnent wll avoid unnecessarily | ong
wavegui de  runs. It should be recognized thought that the tower
mounted antenna with transmission line is preferred over an

antenna-to-tower mounted reflector (periscope) configuration.

5.1.5. 14 For a station to be equipped with no break power, a
room wi ||l have to be provided for a battery bank plus suitable

space for a rectifier-charger unit.

5.1.5.15 The design of the interior lighting will be according
to reconmendations of the Illumnating Engineering Society (IES)
Li ghting Handbook. Specific location of the equipnent cable
racks, wavegui de runs, wunistrut grid, work benches, desks and
consoles nust all be considered in the design of the lighting
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system Battery power energency lighting is required throughout

t he buil di ng.

5.1.6 Stati on G ound.

5.1.6.1 The DCA Notice 310-70-1, entitled "DCS Interi m GQui dance

on G ounding, Bonding, and Shielding”, provi des guidance for

designing a good grounding system The el enents of a ground
system for a comunicantions standard are an earth electrode
system power grounding network, safety grounding network,
l'ightning protection grounding network, a facility grounding

network. and a Low frequency signal grounding network.

5.1.6.2 Earth Electrode System The earth electrode system

provides electrical contact wth earth and is the conmon
interconnection point for all the various grounding networks.
The higher the soil resistivity, the nore conplex (and expensive)
will be the electrode system necessary to achieve |ow resistance
to earth. Two typical configurations of earth el ectrode systens

are as foll ows:

a. Ten-foot ground rods installed at 20-foot intervals
around the perineter of the structure provide good utilization of
the effective radius of the rod while providing several points of
contact with the earth.
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b. In regions of shallow bedrock, vertical ground rods may
be ineffective and horizontal grids, wires, or plates nust be
used. A typical ground systemof this type may consist of buried
copper radials, extending in all directions fromthe building
center, and a single ground point extended through the floor of

t he equi pment room for connection of the el ectronic equi prment.

5.1.6.3 Power Gounding and Safety Grounding Network. This is
an integral part of the power system and should be done in

accordance with the National Electrical Code.

5.1.6.4 Lightning Protection G ounding Network. This is an
integral part of the construction of the building or antenna
support structure. (See par agr aph 5.4.2.3 on |lightning

protection.)

5.1.6.5 Facility Gounding Network. Thi's network is a
conductive grid providing nultiple |ow resistance paths between
any two points within the structure and between any point in the
structure and the earth electrode system The facility grounding
systemis to be separated fromthe | ow frequency signal grounding
network, described in 5.1.6.6, except for the comon
i nterconnection made at the main ground plate of the wearth

el ectrode system

5.1.6.6 Low Frequency Signal G ounding. The low frequency
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signal grounding network is wused to furnish a single-point
reference for low frequency signals mnimze power frequency
noi se levels in sensitive |ow frequency equipnents and provide
for fault protection and static discharge of otherw se isolated
net wor ks. Low frequency signals are defined as those wth

frequencies less than one negahertz.

5.1.6.7 Odinarily, a mcrowave radio is interconnected with the
facility groundi ng system Frequency or tinme division
multiplexing if included with the installation, should have its
drop side grounded to the |ow frequency signal grounding network.

The baseband cable between the radio and multiplexer or between
radi os at a repeater station should have its shield grounded to
the Ilow frequency signal grounding network if conducting signa

currents with frequencies not exceedi ng one negahertz, or to the
facility grounding system wth frequencies over one negahertz.

At small repeater stations, it may not be practical to have a
separate low frequency signal grounding network; then the
baseband cable shield would connect to the facility grounding
network regardl ess of frequency. What ever  net hod enpl oyed,

extrene care and sound judgenent rnust be exercised because
baseband cables are a critical nmeans by which noise is introduced
into radio systens. G ounding conductors wll be stranded,

insulated copper wre and adequately sized to conduct all
currents likely to be inposed. Min grounding |eads are usually

run on the cable rack, tray or in trenches with signal cables
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Taps of smaller size wire are run fromthe main grounding lead to

i ndi vi dual equi pnent s. Connections to this main grounding |ead

are made with suitable |ugs, pressure connectors or clanps.
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SECTION 5.2 EQU PMENT LAYQUT.

5.2.1 Ceneral

5.2.1.1 Equi prent layout should be standardized anobng the

facilities conprising a communi cations system insofar as

possi bl e. In determining the layout, the necessary access for
installation. mai ntenance and operation should be a nmgjor
consi derati on. This would include such consi derations as

provi sion of adequate space between rows of equipnent to allow
for opening of cabinet doors or sliding out nodules for
mai nt enance. Anot her mmjor but |ess inportant consideration is
providing the shortest and most direct wavegui de runs

practicabl e.

5.2.1.2 Oher equipnent |ayout considerations include nminimzing
interbay cabling runs. provision for future expansion, and
provi di ng easy access for mai nt enance and operati ona

convenience. etc. Sonetinmes the el ectromagnetic inconpatibility
of various types of equipnment or inadequate ventilation for
personnel and equi pnent can be problens. Equipnent of the sane
type or with simlar functions are wusually grouped together
except where inpractical due to size and specific requirenents of
a station. In a typical situation radio/ nultiplex equipnent,
crypto equiprent, and technical control equipnent are each

grouped in separate roonms Wth other rooms being used for
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adm ni strati on and nmi nt enance

5 .2.1.3 Human engi neering can be another factor of concern in
laying out equipment. Equi prents should be properly grouped
according to their functions and interoperation. Care and
thought should be given to the arrangement of neters, test
equi pnent, jack fields, indicating lights, etc. to assure they
are placed at the approximte eye level, thus allowi ng nore rapid
and conveni ent use. Equi pment  should not be nounted at the
bottomof a bay, if it can be easily damaged or if its size and
shape will interfere wth power boxes or other hardware at the
bottom of the cabinet or rack. Fortunately, nobst microwave radio
equi pment comes fully packaged with all conponents already

mounted within the cabinet or rack.

5.2.1.4 It is advisable to arrange equipment wthin the
equi prent room in such a manner that expansion of the building
will not necessitate rearrangenent of existing installed
equi pnment . A satisfactory arrangenent is to align the equipnent
in rows on both sides of the building, with sufficient clearance
between the rear of the equipnment and the wall for wuse as an
access/service area, and to provide an aisle between the front
panel s of facing equipnent. The point of entry for antenna
wavegui de and possible transmssion lines for this arrangenment
will generally be along the sides of the building. The end wall

of the equipment room opposite the nechanical, generator, or
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toilet facilities should be considered as the direction for

future buil ding expansion. Therefore, installation of equipnent
at this room | ocation should be avoided if possible. The end
wal | location may also be considered for use as an equi pnent
ingress opening, by renoval of wal | panels, to perm t

installation or renoval of equipnent.

5.2.1.5 In det er m ni ng floor area requirements for the
comuni cati ons equi pnent, a nunber of factors nust be considered.

The nost inportant factor is that of providing sufficient space
to suitably house all of the equipnent and at the same tinme allow
adequate clearance for ventilation and permt ready access for
mai nt enance. Wen placing each piece of equipnent, frequent

reference should be nmde to the rack assenbly and outline
di mensional drawings wth special regard to m ni mum  wal |

cl earance requirenents, spaci ng between equiprents, power and
antenna connection points, and mninum radius requirements for
the renoval of protective housings and opening of maintenance
access doors. Approxinmately three feet of clearance space, at a
m ni mum should be allowed in front of and to the rear of an
equi prent  bay. If a bay does not pernmt rear access to
equi pment, the bay may be installed with no clearance on the back
si de, i.e., against a wall or back to back with other bays,

ventilation requirements not wthstanding.

5.2.1.6 The operational plan of the station nust be studied to
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determne the communication circuit requirenents when placing
each conponent or rack assenbly. In small stations it is
recommended that the equipnent be aligned in a row al ong one or

if need be, both sides of the building wth sufficient space
between to accommpdate a nornal floor traffic pattern. However,
this type of layout will generally not be suitable in stations
where |arge quantities of equipnent are involved. In the |arger
station the nost practical layout is usually one in which the
equi pment is aligned in bays across the width of the room wth
sufficient space between bays to pernit free access to each rack

assenbl y.

5.2.2 Installation Plans.

5.2.2.1 After the equipnment layout has been deternined,
installation plans can be devel oped. Installation plans contain
all  the information and instructions required to acconplish al

aspects of the installation under the cognizance of the m crowave
conmuni cati ons system engineering activity. Some typical plans
for specifying installations are explained in this section. The

format of these engineering plans may vary from agency to agency.

5.2.2.2 Fl oor Pl ans. Fl oor pl ans provide a pi ctori al

representation of equipnent placenent as well as administrative,
mai nt enance and storage areas. Al required dinmensions nust be

specified on the floor plan wth sufficient detail included

5-26



M L- HDBK- 416
15 NOVEMBER 1977

relative to obstructions, to preclude interference with equipnent

pl acenent .

5.2.2.3 Cable Rack Layout. Cables for interconnecting and

term nating equi pments are distributed by one or a conbination of
three nethods: overhead open rack, overhead enclosed tray, or
raised floor/floor trenches. Sel ection of one or a conbination
of these methods is dictated by the individual station equipnent.

Layout draw ngs should be prepared which depict:

a. Overhead view of cable |ayout superinposed on floor

pl an.
b. Det ai | ed t wo- di mensi onal and perspective
three-dimensional views of cable arrangenents such as el bows,

splits, tee sections. reducing sections and dropouts.

c. Equipment distribution frames and AC branching panel

access details.

d. Rack/ Cabl e support and hardware |ist of materials keyed

to layout and details.

5.2.2.4 Cable Termination Lists. Al VF and slow speed data

signal equipment in a commnications station is wred to a

distribution frane (DF) as a common terminus for interconnection
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of circuits ingressing/ egressing all conmunications equipnent.
Information for terminating cables on a distribution frame is
provided by cable termnation [lists. Each wre is given a
speci fic punching assignnent on a specific distribution frane
termination block. A sinple radio repeater station likely would
not wutilize a distribution frame, and the cable list would
reflect runs directly from equi pment to equipnent. The microwave
engi neer would be concerned wth wring to the DF only to
terminate the drop circuits on multiplexing equipnent or to cable
or der W re and control and fault alarm circuits. See

M L- STD- 188- 310, "Subsystem Design and Engi neering Standards for

Technical Control Facilities”, for a description of the breakout

of individual circuits and their flow through a commnications

station.

5.2.2.5 Cross- Connect  Lists. Assunming the station is large

enough to have a distribution frame, cross-connect lists are used
to identify or explain the connection of junper wres on a
distribution frane. This cross-connect list is required to
i nterconnect a particular equipment group in a prescribed manner.
Cross-connections could be the responsibility of the operating
agency for expansion or replacement of equipment in an existing
facility. For a turn-key project the cross-connections are part

of a conplete installation.

5.2.2.6 Power Distribution Draw ngs. Power wring fromthe
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power distribution panel to each equipnent IS conpletely
described Dby the power distribution draw ngs, including the
method to be wused by the installer in wring I ndi vi dual

electronic equipments to the power source. They specify such

features as:

a. Type and size of wire to be used.

b. Routing of wres.

c. Specific circuit breakers (or fuses) associated with

each equi pnent.

d. D agrans of each panel board, i ndi cating equi pnent
connected to each circuit breaker, rating of the breaker and the

| oad connected to each breaker.

e. For AC, tabulation of total |oads on each phase of the
panel feeder and the total |oad on all phases (of nobre concern to

t he power engineer than the conmmunications engineer).

f. Materials required to acconmplish installation of the

power Wi ring.

g. Required power for each equipnent.
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5.2.2.7 G oundi ng Draw ngs. The station grounding systemis

shown by a grounding diagram that specifies ground system
routing. cable size type and position of all ground connectors
and materials required to install the grounding system Desi gn

of the station ground is outlined in paragraph 5.1.6.

5.2.2.8 Equi pnent I nstallation Dr awi ngs. Al necessary

information to acconplish installation of an equipnent I's
provided by these draw ngs. They contain installation details
peculiar to a specific equipnent and illustrate the planned
procedures for acconplishing each portion of the installation
effort. Wien different equipnents require the same basi c
installation information, a common installation drawing may be
used. In either case materials required to install the equipment

shoul d appear.

5.2.2.9 Transm ssion Line Layout Draw ng. This drawing shows

the details of the RF transmssion line and its routing. It
specifies the size conponents to be used at each point along the
route and where bends and flexible sections are to be | ocated.
The location of gas barriers and the arrangenment of t he

pressurizing system should be shown.

5.2.2.10 List of Materials. A conposite listing of materials

required to install the facility should be included in the

installation plan.
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5.3 PRI ME AND AUXI LLARY POVER.

5. 3.1 Ceneral.

5.3.1.1 Power systenms shall be engineered to provide continuity
of vital communications. The availability/reliability of the
power system shall be based upon the operational requirenents of
the comunication systens. The mininum electrical performance

paraneters shall be in accordance with M L-HDBK-411.

5.3.2 Description of electrical power systens: The power

systems for a LOS site shall consist of the follow ng:

a. Primary Source: Commercial or "Class A".

b. Energency: "Cass C'.

c. Floating Battery Plant: "Class D'.

5.3.2.1 Primary Source; \Wen available, commercial power will

be wutilized as the primary source. At isolated |ocations where
the cost of providing comercial power is not justifiable, a

"Cass An plant shall be provided.

5.3.2.2 Enmergency Source: A "Class C' engine driven generator
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with autonmatic start and control wunit is required to provide
power upon failure of the comercial source. The unit shall be
sized to provide power for the total site load. NIJE: "Cass C
power is not required where “Class A on site power plants are

provi ded.

5.3.2.3 Floating Battery Plant "Class D': A floating battery

plant is required to provide continuous power to the critical

t echni cal | oads. The system consists of batteres, rectifiers

inverters. control panels. and distribution equipnent. A mnimm
of two rectifiers shall be provided wth each system Each
rectifier shall be sized for the full electronic tech |oad and
for charging the batteries. This system is nornmally provided
with the electronic equipment and is installed wthin the

communi cation facility.

5.3.3 Power control and fault alarm panel: A power control and

fault alarm panel for renote control and nonitoring of the power
system (AC and DC) with appropriate nmeters, relays, and SWwtches
shall be provided in the control area of the comunication

bui | di ng. This control and alarm system shall have t he

capability of being renpted into the order wire system

5.3.4 Fuel Storage Facility: The size of the fuel storage

facility shall be specified in M L-HDBK-411.
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5.4 TONER REQUI REMNETS.

5.4.1 Ceneral

5.4.1.1 This section is for providing the comruni cat i ons
engineer a description of the information required for a
structural engineer to design or specify a tower and foundation
adequat e for its intended use. The information presented
includes structural desi gn consi der at i ons, design safety
requi rements, grounding for lightning protection and painting and

l'ighting requirenents.

5.4.2 Structural Design.

5.4.2.1 Mcrowave towers may be either self supporting towers or
guyed towers. For permanent installations and nmain route high
density applications, self supporting towers are preferred. They
require less real estate than the same height guyed tower and
offer nore flexibility in the location of the antennas providing
for possible future antenna relocation. For tenporary or
tactical applications, guyed towers nay be nore practical. The
real estate required for tower guys is somewhat variable but does
not usually exceed a circle with radius equal to tower height.
Towers can be designed for almost any hei ght; however, economnic
and practical considerate ions linmit the maximum height to

approximately 300 ft. or 100 nmeters for w deband commruni cation
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use. This is not an absolute nmaxinmum but other alternatives
should be carefully considered if higher towers seemto be

required.

5.4.2.2 Tower and foundation design are dependent upon four nain
factors: (1) soil bearing capability at the specific location;
(2) the size and nunber of the parabolic antennas and their
| ocation on the tower: (3) the neteorological conditions to be
expect ed,; and (4 the maxinmumtower tw st and deflection (see
section 4.4.30) that can be tolerated under worst conditions of
Wnd loading (and ice loading it applicable). Design of the
required tower foundation is directly related to the tower design

and the specific soil conditions involved.

5.4.2.3 Tower loading is the resultant of all forceS acting on
the tower. Design of the tower nmust be such that with all

antennas and other required items nounted on the tower, it Wl

when subjected to maxinmum specified wnd and ice conditions,

resist any deflection or tw sting beyond a specified amount.

5.4.2.4 Since the net result of all the tortes on the tower are
also in effect transmtted to the foundation, it in turn nust be
capabl e of distributing the force over a |large e€nough area and
depth so as not to exceed the soil bearing pressure at any Point
and also to resist novenent in any direction. The depth of the

foundation will be governed by the tower |oad and soil bearing

5-34



M L- HDBK- 416
15 NOVEMBER 1977

characteristics, but in colder climtes, it is necessary to
extend the depth of the foundation below the frost line or to

firm ground.

5.4.2.5 The soil bearing capability, wusually designated as a
pressure in pounds per square foot, is a determning factor in
the design of a tower foundation. Table 5.4-1 illustrates the
maxi mum soil bearing value for various types of soil conditions.
Unfortunately, the designation of the various soil conditions are
arbitrary in nature so the table should only be used as a rough
guide for prelimnary estimates. Soil borings taken at the area

in question are normally required for a final design.
5.4.2.6 The following type of information mnmust be provided by
the conmunications engineer in order for the tower designer to
adequately design a suitable tower and foundation comnbination

a. Size and type of antennas required and type of radones.

b. Azinuth and el evation angles for each antenna.

C. Amount of adjustment required for alignnent after
installation. (Normally, plus or mnus 5 degrees in both azinuth

and el evation.)

d. Height above ground for each antenna.
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Table 5 .4-1 Maxi num Soi |

Bearing Capabilit y

MATERI AL

MAXI MUM ALLOWABLE
BEARI NG VALUE
(LB PER SQ FT)

Bedr OCk (sound) without |am nations
Sl ate (sound)

Shal e ('sound)

Resi dual deposits of broken bedrock
Har dpen

G avel (Conpact)

Gravel (loose)

Sand, coarse (canpact)

Sand, coarse (loose)

sand, fine (conpact)

sand, fine (Ioose)

Hard clay

Medi um cl ay

Soft clay

200, 000
70, 000
20, 000
20, 000
20*000
10, 000

8, 000
8, 000
6, 000
6, 000
2,000
12, 000
8, 000
2,000
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e. Location of tower with respect to the building and their
corresponding orientations.

f.  Beamw dths of the antennas and pernmissible twst and
deflection of the tower that can be tolerated under maximm

expected wind and ice |oading.

g. Type and nunber of waveguide runs required and power

cabling for feedhorm or radonme heaters.

h. Requirements for tower lighting, obstruction lights,

l'i ghtning protection groundi ng systenms, and painting.

i. Requirenents for platforms to allow access to the

antennas for maintenance and/or alignment.

j. Required means of access up the tower including required

personnel safety features.

k. Provisions for future antenna requirenents.

[. Climtic details of the area invol ved.

m Local restrictions and/or other constraints that may be

i nvol ved.
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n. Soil conditions.

5.4.3 Tower Safety.

5.4 .3.1 Tower safety is concerned in two areas: (1) the safety

of personnel using the structure, and (2) the hazard inposed by

the tower to aircraft.

5.4.3.1.1 The hazard inposed to aircraft by the tower is
mnimzed in two ways: (1) painting and lighting, and (2
restriction against tower installation. Painting and lighting is
covered by para 5.4.50 Restriction against installationis
covered by AFM 86-8, Airfield Cl earance Criteria. For
installation in a foreign country, the siting engineer nust check
for ~clear zone or height restrictions that may exceed those in

AFM 86- 8.

5.4.3.1.2 The safety features required to protect personnel when
working on the tower nust be included in the tower design.

Design requirements for |adders, stairs. and elevated work

platforns are specified in OSHA  Volune I, Gener al I ndustry
St andar ds. Requirenents for |adder clinmbing safety devices are
stated in AFM 127-101 and OSHA, Volune |, Gener al | ndustry
St andar ds.
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5.4.4 Lightning Protection for Towers.

5.4.4.1 Li ghtni ng protection nust be considered as part of each
tower installation. Lightning protection for towers shall be in
accordance wth the Jlatest edition of Underwiters Lab (U),
Panphl et 96A, Lightning Protection Systenms. Common groundi ng of
lightning protection ground wth existing facility grounding
systems shall be provided. Air termnals, down |leads, and a |ow
resistance ground are basic requirenents for adequate protection

of towers. Materials for this systemw ||l neet requirenents of

UL 96. Waveguide on tower will be grounded before it enters
bui | di ng.
5.4.4.2 Any and all equipment nounted on a tower shall be

fastened so that it is effectively grounded through the tower.
On  structures provided wth obstruction lights, it nmay be
desirable to place suitable lightning surge arrestors on wires

supplying these lights.

5.4.4.3 The nmaxi mum pernm ssible ground resistance to true earth
of earth electrode systemfor tower prior to connection to down
| eads is 10 ohns. However, if 10 ohns is inpossible due to tower
sitting on a solid rock location, an extensive wire counterpoise
system with radials (copper cables) extending fromcorners of
count er poi se may be substituted versus an earth el ectrode system

M ni num Number 2 AWG bare copper wire should be wused for

5-39



M L- HDBK- 416
15 NOVEMBER 1977

count er poi se and radi al ground system

5.4.5 Painting and Lighting Requirenents,

5.4 .5.1 The guidelines and requirements contained in this
section apply primarily to installations wthin the United
St at es. In overseas installations. regulations inposed by
cogni zant military and/or governnent agencies nust be studied.

To prevent excessive hazards to air conmmerce, antenna towers and
simlar structures nmust be marked in such a way as to make them
conspi cuous when viewed fromaircraft. The type of marking to be
used depends in part on the height of the structure, its |ocation
with respect to other nearby objects, and its proximty to
aircraft traffic routes near landing areas. Requi renents and
specifications for marking and lighting potential hazards to air
navi gati on have been established through joint cooperation of the
Federal Aviation Agency, Federal  Conmuni cations Conmi ssi on

Departnment of Defense and appropriate branches of the
broadcasting and aviation i ndustri es. The specifications
determined by these groups aid in the final decision as to
whet her a structure constitutes an obstruction to air navigation.

When conducting the prelimnary site survey, it is advisable to
deternmine the prevailing ordinances concerning such structures,

and perhaps to discuss themwith local governnent and building
aut horities. Wien dealing with [ocations within the continental

limits of the United States, the latest copies of Governnent
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Rules and Regulations, FCC Form 715, FCC Rule, Part 17, and FAA
Standards for Marking and Li ghti ng Qobstructions to Air
Navi gat i on, with all revisions should be consulted. These rules
not only apply to specifications for antenna structures, but also
set forth the forns which nust be submitted to the FCC, FAA,  and
Us. cost and Geodetic Survey (FCC Form 401A Revised, FAA Form
117, FAA Form ACA-114, and &GS Form 844).

5.4.5.2 In order to warn airnmen of the presence of obstructions
during daylight hours in good weather conditions, all structures
that may present a hazard to air commerce will be painted from
top to bottom in accordance wth requirenments of the |atest

edition of FAA-AC 70/7460-1( ).

5.4.5.3 Both the FCC and FAA lighting specifications are set
forth in terms of the heights of the antenna structures. The
requi rements for towers and obstructions will be determned from
FAA Specifications specified in the latest edition of AC
70/ 7460-1( ). The specifications further stipulate t hat
pl acenent of the Ilights on either square or rectangul ar towers
shall be such that at least one top or side light be visable from
any angle of approach. Wen a flashing beam is required, it
shall be equipped with a flashing mechani sm capabl e of producing
not nore than 40 nor less than 12 flashes per mnute with a

period of darkness equal to one-half the |um nous period.
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5 .4.5.4 When the tower structure is in the process of
construction, the FCC and FAA require that tenporary lights,
consisting of at least tw 100-watt |anps enclosed in aviation
red gl obes be displayed at the top of the structure from sunset
to sunrise. Lights nust also be installed at internediate

heights, if necessary | AW FAA requirenents.

5.4.5.5 The FCC requires that tower |ighting be exhibited during
the period from sunset to sunrise unless otherw se specified. At

unattended microwave installations, a dependabl e automatic

obstruction-1ighting control devi ce nmust be provided. A
light-sensitive control device wll be wused to control the
obstruction lighting in lieu of manual control. This requirement
will be net in microwave installations by enploying a tower

lighting kit. These kits apply power to the [lights when the
north skylight intensity is less than approximtely 35 foot
candles and disconnect the power when the north skyl i ght

intensity is greater than approxi mately 58 foot candl es.

5.4.5.6 To insure the proper operation of tower lights, the FCC
specifies that the lights be inspected at |east once every 24
hours; t he inspection can be performed either by direct

observation or by observation of an automatic and properly
mai ntai ned indicator designed to register failure of such lights.

Where obstruction lighting is not readily accessible for periodic
inspection. the rules permt use of electric signaling devices
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to indicate lanmp failure. Should the fault alarm system register
a failure in obstruction or beacon lighting, the failure nust be
reported to the nearest Airways Communication Station of the
Federal Aviation Agency. The FAA nust be notified of any code

beacon, rotating beacon, or top light failure if not corrected

within 30 mnutes after failure.
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5.5 _ENVI RONMENTAL CONTROL

5.5.1 General. This section provides as general guidance and
assistance to the nechanical environmental design engineer to
indicate the basis for design which wll be supplenented by
specific design criteria based on the technical characteristics
of the equi pnment concer ned. It is not the intent to dictate
specific design approaches but to portray general guidelines to
be considered. Each individual mssion will require initiative.
i magi nation? and sound engineering judgement to neet the
ci rcunst ances invol ved. Radi cal departures from the standards
and guidelines noted herein will require coordination of DCA and

the appropriate Mlitary Department Field Engineering Ofice.

5.5.2 Environmental Control Systems. Environnental control as

used in this handbook includes all equipnments used for cooling,
heati ng, ventil ation, hum di fication, dehum di fication

filtration, pressurization, and distribution of air and the
control thereof. Environmental control as defined here is for
the communications equipnment and all systens, per sonnel and

facilities that directly support these itens.

5.5.2.1 This section provides general guidance for the selection
of desired environmental conditions. The information contained
herein wil | have to be suppl emented by nore specific

environmental design criteria based on the requirements of the
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comuni cati ons equi pmrent to be installed.

5.5.2.2 Wen installed equipments operating range requires
environnental conditions that are different than those outlined
in this document, those requirenents shall be used as a basis for
desi gn; however, every effort should be nmade to minimze life

cycle costs.

5.5.2.3 For further design guidance, refer to the design manuals
of DOD design and user agencies and the Defense Communications
Agency  (DCA). The latest edition of the American Society of
Heating, Refrigeration and Air Conditioning Engineers Gide and
Data Books - fundamentals, applications, systenms, and equiprment
volunes - should be followed as a basic reference for system
design except where nodified by nmore specific criteria including

M L- HDBK- 411

5.5.3 Design Conditions - Electronic Equipnent Spaces.

5.5.3.1 CQutside conditions to be used as a basis for design
shall be taken from the Arny, Navy, and Air Force Mnual

Engi neering Weather Data, TM 5-785/ NAVFAC P-89/ AFM 88-8. The 1
percent and 99 percent tenperatures for cooling and heating
respectively shall be wused for those facilities classed as
critical. A1 other facilities shall use the 2 1/2 percent and

97 1/2 percent tenperatures for cooling and heating respectively.
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If conditions are not available from one of these manuals for a
particular site. the United States Air Force Environnental
Techni cal Applications Center, Scott AFB, |IL 62225 should be

contacted for the necessary data.

5.5.3.2 Inside Design Conditions:

a. Wnter dry bulb tenperature shall be 70 degrees F.

b. Summer dry bulb tenperature shall be 78 degrees F.

co Rel ative humidity shall be maintained between 20 and 50
percent and shall utilize a mninum of hunidification and
dehum dification during the winter and summer respectively.

d. supply air shall be filtered by filters with a m ninum
efficiency of 10 percent when tested by the ASHRAE dust spot test

nmet hod using atnospheric dust.

5#+5t4 Design Conditions - Auxiliary Equi pnent Roons.

5.5.4.1 Qutside design conditions shall be as referenced in

par agraph 5.5.2. 1.

5.5.4.2 Inside Design Conditions:
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a. Equi prent  rooms such as battery roons, environnental
control equi pment roons, and uninterruptible power system roons
may not require as close environnental control as does the
el ectroni c equi prent spaces. If this is the case, dry bulb
tenperature limtations are 104 degrees F, dry bulb maxi mum and
50 degrees F, dry bulb mininum and forced air cooling shall be
provi ded as necessary if environnental conditions can be

mai ntai ned without the use of mechanical refrigeration.
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SECTION 5.6 TRANSM SSI ON LI NES

5.6.1 Ceneral

5. 6.1.1 For the purpose of this handbook, discussion regarding
radio frequency transmission lines wll be restricted to the
wavegui de system which interfaces the antennas Wth their
respective transmtters and receivers. Wiile coaxial RF
transmssion lines may be used for some LOS applications, their

use is generally limted to frequencies of two GHz and bel ow and

will not be considered here. A source of reference for
addi ti onal information is ML-HDBK-216, "RF Transm ssion Lines
and Fittings”

5.6.2 Wavegui de Types

5.6.2.1 The three types of waveguide commonly wused for LGOS

applications are:

a. Rectangul ar

b. Crcul ar

c. EHEliptica

5.6.2.2 Each of the three types have certain advantages and
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certain disadvantages both fromtechnical and econonmic aspects.
The choice of a specific type will therefore be dependent upon
the specific application and nust be determined by the design

engi neer with due consideration of all the factors invol ved.

5.6.2.3 Various manufacturers offer rigid, rectangular wavegui de
in various standard Ilengths with a typical nmaxi numof 10 feet.

Lengt hs other than standard nmay be obtained on special order up
to a nmaxinum of 20 feet. In addition a wide variety of standard
bends, twists, and flexible sections are available. One of the
di sadvant ages of rectangular waveguide is the multiplicity of
joints required in a conplete run with each joint a potentia

trouble point. Anot her disadvantage is that it wll only
acconmpdate one polarization so in those cases Wwhere dua

pol arized antennas are to be used it will be necessary to have

two conpl ete wavegui de runs to the antenna.

5.6.2.4 The two big advantages for circular waveguide are its
low attenuation. approximately half that of rectangular or
elliptical and its capability for supporting tw polarizations
on a single waveguide run. These two advantages can be of great
benefit in high capacity systems utilizing dual polarization or
where high towers are required wth consequent |ong runs of
wavegui de.  Anot her desirable characteristic is relatively |ow
return |oss. The di sadvantages are that it is essentially only

useful for straight runs and requires great care in handling and
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installation and considerably nore expertise in adjustnent for
mnimm loss and nmaximum polarization i sol ation. Si gnal
distortion and noise can also be a problem because of the variety
of transverse nodes that can propagate in circular wavegui de, and
to alleviate the problem the waveguide run nust be term nated
with some form of node suppression. As a practical matter sonme
systens utilize a hybrid arrangenent w th circular wavegui de for
the long straight run up the tower and weither elliptical or
rectangular runs from the equipnment to the bottom of the tower
and thence via a rectangular-to-circular transition to the

ci rcul ar wavegui de.

5.6.2.5 Elliptical Waveguide. The advantages for elliptica

wavegui de are its availability in alnmpst any continuous |ength
required and its semflexible characteristic. It thus offers the
possibility for a long continuous run wthout joints except for
the two ends. Its attenuation characteristic is approximtely
t he same as equi val ent rectangul ar wavegui de. Its main
di sadvantages are the conparatively | arge bendi ng radi us
required, t he skill required to properly attach t he
elliptical-to-rectangular transitions which are normally required
at each end, and the restriction of only one polarization. A
continuous section of rigid, rectangul ar wavegui de typically
exhi bits somewhat less return loss than a conparable elliptica

section. but this advantage with rectangular is offset if a |ong

run and, consequently several junctions are required.
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5.6.3 MWaveqgide Layout and Installation.

5.6.3.1 Waveguide runs should be kept as short and direct as

practical to mnimze line |oss.

5.6.3.2 Where waveguide has to be run horizontally from a
building out to a vertical run on a tower, a waveguide bridge
should be wused and arranged to be provided through civil
engi neering support action. The bridge should be designed for
all planned and anticipated |oads. provided with wavegui de hanger
mount and protected agai nst hazards such as ice falling fromthe

t owner.

5.6. 3.3 Wavegui de cl anps/hangers are nmade specifically for each
type of waveguide. These clanmps are wused for securing the
wavegui de to towers, bridges and other supports. Standoffs  may
be necessary with the clanps, especially on towers. Canps are
commonly spaced at four to five foot intervals for rectangular
and elliptical waveguide and eight to twelve feet for circular;
however, the manufacturer's instructions for the waveguide being

used should be observed.

5.6.3.4 Al l owance shoul d be nmade for expansion and contraction
of waveguide. For exanple circular waveguide is firnly and

rigidly secured to the mdpoint - or alternately to the top - of
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a tower and sliding hangers attached above and bel ow the m dpoint

to allow the wavegui de to expand or contract.

5.6.3.5 Flexible, rectangular waveguide sections are intended
for situations not tol erating rigidity nor conveniently
permtting a precise fit. Provi di ng for expansi on and
contraction of rigid waveguide on a tower is a good application.
A flexible section at the antenna pernmits both the waveguide to
change length and the antenna to be noved for alignment. At the
base of the tower a flexible section allows both changes in

waveguide length and motion of the tower with respect to the

bui | di ng. Proper layout not permtting at t he m crowave
equi pnment a flexible section nmay be wused to align the
transm ssion waveguide with the radio port. In a nobile shelter

flexi ble wavegui de can relieve strain between m crowave equi pnent
and shelter while they are in nmotion. The particular waveguide
manuf acturer s data should be consulted for exact Ilimts of
flexibility since they vary widely with size, Which in turnis a
function of frequency. Elliptical waveguide runs elinmnate the
need for flexible, rectangul ar sections. Al t hough flexible
wavegui de is an expedient when faced with difficult problems of
physical installation. its use should be kept to a bare m ni num
or avoided if possible because of high attenuation and, nore
i mportantly, because of low return loss (high VSWR) contributing

to echo distortion.
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5.6.4 Wavequi de Conponents,

5.6.41 QOher itens such as circulators. isolators, filters,

dupl exers and diplexers may be required in various conbi nations
and are essentially a part of the overall waveguide system

al t hough, one or nore nmay also be supplied as an integral part of
the radio. If any of these itenms are required externally from
the radio equipnent, consideration nust be given to their
pl acenent and nounting in order to keep the waveguide run as
short and direct as possible and to mnimze the need for a

mul titude of bends, twi sts, etc.

5.6.4.2 Al  external waveguide runs should be pressurized wth
dry air or an inert gas. whil e standard tanks of nitrogen may be
used for this pur pose, t he use of aut omati c
dehydr at or - pressuri zati on equi pnent is generally preferred. The
pressure should not exceed the nmanufacturer-s recomendation for
the particular waveguide involved. This is generally on the
order of two to ten pounds per square inch gauge. Pressure
wi ndows are available to isolate pressurized from unpressurized

portions of the wavegui de.
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SECTION 5.7 AUXI LI ARY EQUI PMENT FOR OPERATI ON MAI NTENANCE.

5.7.1 Fault Al arm System

5.7.1.1 The fault alarm system should indicate problens that
cause system degradation and failure. These indications are
effected by nonitoring equipment/environment paraneters and “
renotely controlling some radio operations for testing, etc. The

design of these functions varies greatly depending upon system

requirenents, e.g., system mai nt enance phi | osophy,
manni ng/ non- manni ng of sites, | ocation of maintenance centers,
etc.

5.7.1.2 For the sinplest <case, the fault alarm system my
noni tor those functions normally nonitored/displayed by equi prent
warning lights. On the other hand, an wunattended site may
require a very extensive reporting and control systemto report

items such as the follow ng:

a. Site intrusion

b. Fire/high tenperature

c. Tower lighting failure

d. Primary/standby power failure
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e.  Engi ne/ generator

f. \Wavegui de pressure

g. Miltiplex operation

h. Radio operation

(1) Primary transmitter fail/standby transmtter

operating

(2) Continuity of pilot in all transmtters

(3) Excessive noise/loss of pilots by any receiver

(4) Low received signal |evel of any receiver

(5) I F resupply switch over operation.

Test of fault alarm system

5.7.1.3 Renote controls are enployed for testing and fault
isolation e.g., switch to standby power, switch to standby

transmitter, switch to standby receiver, and a return to normal

oper at i on.
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5.7.1.4 Ot her paraneters, which are useful in system operation

can be renoted to give a relative indication of system
performance, as opposed to absolute indications Ilike alarm
poi nt s. Sonme paraneters such as received signal level (RSL) and
amount of distortion in the baseband signal or digital stream

provide a nore accurate i ndi cation of t he quality of
communi cat i ons. These paraneters require an analog to digita

(AND) converter to encode the data such that it can be
transmtted by the alarm data. Some of these paraneters are
useful directly and require no further conversion at the nmaster
fault alarm equi pnrent at manned sites. However, ot her
paraneters, e.g., RSL, which uses an internediate value (voltage
nmeasured at the |F), nust be converted to the original desired
value. in this case, power. For this reason, and to inprove the
display format for <clarity, a programable device should be

i ncor por at ed.

5.7.2 Mintenance Conmuni cations and Orderw re,

5.7.2.1 Maintenance communications is by nmeans of a service
channel (also known as nmintenance coordination circuit or
mai nt enance  orderw re) and is wused solely by mai nt enance
personnel for aligning, testing and repairing the mcrowave and
associ ated wi deband communicant ions equi pment. The service
channel is an integral part of the radio and has a separate
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signal input port or nmmy be part of a conbined input for
supervisory voice and teletype conmunications and control and
fault alarmsignals. the service channel/supervisory port is
i ndependent of the mission communications traffic and is not
j eopardi zed by a potential malfunction of the wmin nultiplexing
equi pment while being nore easily injected into or recovered from
the RF nodulation at an intermediate station. A service channel
normal |y exists between each end of a single, poi nt -t 0- poi nt

radi o path.

5.7.2.2 Orderw res provi de intersite coordination anobng
operations personnel perfornmng the job of technical controller.

Orderwires are communication channels which, depending upon
operational requirenents, may or may not be funneled through the
mssion traffic multiplexing equipnent. Usual | y, the m crowave
radio engineer would have very much involvement only if the
orderwire circuit is to have direct entry into the radio;

otherwise, the orderwire would be treated as any other custoner
circuit over t he communi cat i ons system Orderwires are
beneficial mainly wth comunications networks, either tactical
or fixed, rather than single, i sol ated radi o hops. The nost
sophisticated orderwire systemwithin the DOD is being devel oped
for the Defense Conmmunications System The DCS orderwires are

explained in DCA G rcular 310-50-6, "Defense Communication System

Orderwire Concept™.
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5.7.2.3 System requirenments nay dictate the wuse of a hybrid
mai ntenance and order wire circuit. Situations requiring this
kind of orderwire mght be where nmaintenance personnel perform
the duties of a technical (or tech) controller or where Party
line circuits are established to bridge the various repeater
stations of a nultihop system and both a maintenance and tech
control circuit are not required. This class of circuit is out

of mssion traffic and is commonly called "link” orderwre.
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SECTION 5.8 ELECTROVAGNETI C COVPATI BI LI TY.

5.8.1 (Ceneral.
5.8.1.1 The intent of this section is to acquaint the
communi cations engineer wth general gui del i nes concer ni ng

el ectromagnetic conpatibility. (EMC) as it relates to his facility

desi gn.

5.8.1.2 The extent of involvement with EMC on the part of the

communi cations project engineer will vary depending upon nany
factors. Cenerally the involvenent will depend upon the degree
of need for EMC control which is to ask the question, “how
conplex a project is it?" It will also depend upon how nuch EMC
training the project engineer hinself has had. Normal Iy, the
communi cations engineer wll seek the advice and gui dance of a

specialist in EMC There are certain aspects of EMC engineering
which are mandatory and act to confine or restrict the facility
desi gn work of the project engineer. For this reason even if
the project engineer feels confortable in performng his own EMC
engi neering he is best advised to contact the specialist early in

his project in an effort to ward off unseen difficulty.

5.8.1.3 There are tw general reasons for appl yi ng EMC
engineering to a project. First, of course, the proj ect engi neer

needs assurance that his project can be installed without
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suffering degradation from other facilities that nmay be nearby to
hi s proposed siting. O equal inportance is the need to assure
that his proposed facility will not interfere with the existing
facilities, and that even if interference to other facilities is
not antici pated, that his facility will not unduly pollute the
envi ronment . The term “unduly pollute” refers here to the use of
the el ectromagnetic spectrum Be advised that National and DoD
policy is ainmed at restricting the radiation of unnecessary RF
energy. Anong the new regulations that the conmunications

proj ect engineer nust contend’” with are those in the environnental

protection area. These regulations are designed to inplenment the

DoD S, responsibilities in the national canpaign against
pollution of all kinds, i.e., pollution of air, water and general
l'iving conditions. Even radiation hazards to personnel are
covered. The military or governnent engineer will find that the
problemis nobst acute when what he does has a potential i mpact
upon the civilian sector. Gther regulations focus upon the
protection of the electromagnetic spectrum and, in particular,

the protection of the Defense Comunications System and ot her DoD
syst ens. For further gui dance, refer to OIP Mnual of
Regul ati ons and Procedures for Radi o Frequency Managenent and DoD
Directives 3.222.3, 4650.1, 5160.57, 5100.5, 5030.41, 6050.1, and
DoD Instructions 5030.52, 4120.14, and 4170. 6.

5.8.1.4 Interference Sources.
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5.8.1.4.1 In Chapter 4 (link design) nmany noise sources and
other interference sources were [isted. Li sted below are the
main interference nechani sms which are usually involved in one

kind of facility or another:

a. Direct co-channel interference.

b. Adjacent channel interference.

c. Spurious receiver responses.

d. Transmitter spurious output.

e. Case susceptibility.

f. Case radiation.

9. Conducted interference.

5.8.1.4.2 Fortunately, only a few of the above listed

interference nmechanisnms are nornmally encountered in mcrowave

poi nt - t o- poi nt syst ens. All such nmechanisms need to be

consi dered but nost can usually be rejected as problenms early in

the analysis. Cobviously, if all of the above |isted nechanisns

are to be effectively considered, good technical data on al| of

the involved equipnment is necessarily required. In the absence
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of good technical data, the facility or EMC engineer will have to
guess at probabl e par aneters. Fortunately, nost all
comuni cati ons  equi prnent (except that designed for the civilian
sector) is mnufactured uncler mlitary specifications which

require EMC testing and data devel opnent.

5.8.1.5 Mlitary specifications on EMC, such as ML-STD 461, 462
and 463, are excel | ent for the intened purpose. Such
specifications are intended to control and achieve an acceptable
figure of nmerit or quality in the developnent of new
comruni cations equipnent. They do not elimnate the need for EMC
engineering in facility design. Frequency selection, nearness to
other facilities and, to sonme extent, the facility design itself
are (in addition to equiprment quality) variables in the

interference generation problem

5.8.2 EMC problens to be expected in mcrowave systens.

5.8.2.1 There are two general areas to consider during ENM

anal yses.

a. Sel f induced interference.

b. Interference involving other systens.

5.8.2.2 Self induced interference may result, if care is not
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exercised, in the selection of equipnent that will forma system
Virtually all electronic equipment will exhibit some EMC
paraneter weakness. If the system engineer plans to enploy

prototype testing, the effect (if any) of these weaknesses will
become known before a final comitnent is made. The spurious
signal output (radiated or conducted) of one equipment (a MUIX,
for instance) affecting some other part of the systemis a
nmechani sm which should be checked during such testing. |If
prototyping is not enployed, then a desk study of the known
equi pment  weaknesses (M L-STDS-461 or 449 data) should be
per f or ned. Anot her form of self induced interference may result
from i nmproper frequency assignment where repeater stations are
involved in the system For exanple, the signal from one station
may overshoot its intended receive station and interfere with a
third station in the system Careful frequency selection will
usual l'y sol ve this problem although other solutions are

possi bl e.

5.8.2.3 Mcrowave point-to-point facilities, which gre usual | y
of very |low operating power and use directional antennas, do not
offer much of an interference threat to other systems gayen when
col | ocated W th t hem Due mainly to the directional
characteristics of the nicrowave antennas, the potential for
interference to nicrowave systems are dininished over that of
some other systems. However, those nechanisns of interference

which do not involve coupling via the antenna are very nmuch of a
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problemif the equipnent is sited in proximty to high power
radiators or if power Ilines and control lines are noisy

Experi ence has shown that much of the signal processing equi prment
in particular, exhibit case penetration problens. But, again,
this only poses a problem when such equi pnents are collocated or
in proximity to other equipnent. \Wen microwave equipnent is to
be located in such proximty, an on-site survey with actua

measurement of field intensities involved is often required and
prudent . In other cases, a desk top study may suffice to clarify

the situation.

5.8.3 Engineering Team approach to Desi gn.

5.8.3.1 The usual approach taken by communications engineers is
to make the EMC engineer a part of his teamand to request that
he provide all guidance in the EMC area He may, depending upon
the nature and conplexity of the project, request the assistance
of the Electromagnetic Conpatibility Analysis Center (ECAC). In
nmost cases, the EMC engineer will only request data base output
from ECAC and perform his own anal ysis. If he feels the analysis
task is beyond his in-house capability, he may request a conplete
ECAC study of the problem (See para 4.2.33.4.) In any case

the project engineer is advised to becone famliar wth his
Servi ce-s engi neering guidance docunments on electromagnetic
compatibility. Such docunents will greatly augnment the gui dance

gi ven herein, especially in the areas of power density or field
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intensity calculation and antenna near field correction nethods
At the time of this witing, there are no known tri-service EMC
engi neering guidance documents. There are sone possi bl e

candidates for such standardization belonging to each mlitary
service and the standardi zation groups are working toward greater

st andar di zat i on.
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CHAPTER 6
ADDI TI ONAL  ENG NEERI NG PROCEDURES

Section 6.0 | NTRODUCTI ON.

6.0.1 This chapter contains details of engineering procedures applicable
to LCS facilities.

Section 6.1 DETERM NATION OF AZI MUTH FROM OBSERVATIONS OF POLARIS.

6.1.1 Introduction.

6.1.1.1 Polaris is a fairly bright (second magnitude) star |ocated

about one degree fromthe north celestial pole. It rotates about the
pole in a counterclockwi se direction (as viewed fromthe earth) approx-
imately once in 24 hours, and the elevation angle of the star is always
within one degree of the observer’s latitude. The star is easily located
by reference to the Big Dipper (Ursa Mayjor); it is on the extension of a
line through the two stars on the side of the “bow" nost remte from

the handle, and there are no other stars of simlar nmagnitude in the
vicinity of Polaris. This relationships shown approximtely in the

figure bel ow
N, HOUR—~

° wANGLE !

X I

°

[ J
@ URSA MAJOR -
® (BIG DIPPER) ,,f®)

==~ POLARIS

”
| .-
-

-

L.Cc.
Figure 6.1-1 Polaris Location and Movenent

6.1.1.2 Polaris crosses the (observer’s neridian twice inits
daily circuit of the NorthPole; once at upper culmination (U C) and
once at lower culnination (L.C.). The points of naxinum easterly
and westerly novenent are called eastern elongation (E E) and
western elongation (WE.). At the instant of elongation, the relative
horizontal novenent is zero.
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6. 1.1.3 The interval between the tine of passage of Polaris over the
observer’s meridian and any other position in its diurnal circle is
called the hour angle, usually the point of reference is upper culm na-
tion, and the interval may be measured either in units of time or in
angul ar degrees, minutes, and seconds. The mean time hour angle of

Polaris west of the observer’s neridian is the nmean tinme interval from

the local nean time (LMI) of the last preceding U C to the local nean
time of the observation of Polaris (see preceding figure). An hour
angle east of the neridian is the mean time interval fromthe LM of
the next succeeding U. C of Polaris. These relationships are illus-

trated in the exanples of hour angle cal culations shown in figure 6.1-2.
6. 1.1.4 The declination is the angular distance to the s tar as
measured north from the equator; at present it is nore than 89°. The
term polar distance is sometines used to denote the angular distance

fromPolaris to the pole.

6. 1.1.5 Azinuth determnations generally require accurate tine
observations, since the azinuth of Polaris varies with the |ocal nean
time; however, azimuths can be determ ned by observation of Polaris
at elongation even if only the approximate tine is available. This
techni que frequently requires observations at an inconvenient time of
day, and if clouds or fog happen to obscure the star at the time of
elongation it becomes necessary to delay subsequent observations
until the following night. Considering the present availability of high-
|y accurate watches and the worldw de availability of standard tinme
broadcasts (e.g., WW (U.S.), JJY (Japan), MSF (England)), it should
sel dom be necessary to resort to the elongation method. The “hour-
angle” nmethod [95, 91] permts azinuth determnation at any time
during the night, and even when the sun is 20 or 30 m nutes above the
horizon. Sunrise and sunset periods are, in fact, preferred tines
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Fxamples of computing hour angles of Polaris; all taken out for longitude
117°15 W.:

Feb. 1%, 1845, 1. m. t. of obsa.
tir. U, C, samne date
Red. for long.

May 14, 1945, 1. m. t. of obsa.

Gr. U. C., same date

Had far lane

Hed. for long.

HTour angle, west

Nov. 3, 194§, L. m. t. of obsn.

Gr. U.C, Nov.2
Red. for long.

Mour angle, west

Aup. 1), 1045, 1. m. t. of obsn.
Gr. U. C., same date
Red. for long.

Hour angle, west

r. U, C, Dec. 20, 104

.
for Jong.

[ -]
(3

ed. for
.M. T.of U. C., Dec. 20
. M. T. of obsn., same date

.

Hour angle, cast

TN

Qr. U, C,, Sept. 2, 1045
Red. for luog.

—_—
I Imem
v‘“
—L

L.M.T.ofU.C,, 8ept. 2

4

West of the weridian, p. m. obsn., U. C. io p. m.

=5820.1= p. m.

=3t 52.0= p. 0.
-—13 =3 0.7 p.m,

West of the meridian, p. m. obsn., U. C. ina. m.

West of the micridian, a. m. obsn., U. C.in p. m.

«10859.7% p. m.
-13 - 10884 p.m

West of the meridian, ». m. obsn., U. C. Ins. m.

=5%S.9= 8. m
=43292e g m,
-13 =4 279 a m.
=0838.0%
SR

East of the meridian, p. m. obsa., U. C. in p. m.

a? gsmp. m

»

=7 .2 p.m.
=4 351 p.m.

=3 14.1=

East of the meridian, p. m. obsn., U. C.ins. m.

- 30sam
- -13

-{ 317 a.m
t+12
= 6340 p.m

- 8=

East of the meridian, a. m. oben., U. C. in p. m.

“omas]  L.M.T.ofobsn, Sept.}
Hour angle, east
Pt i Qr. U, C., Mar. 19, 1945
3 %, Red. for long.
a 3
€

L.M.T.of U. C.,, Mar. 19
I.. M. T. of ohsn. 1ame date

- ]M57.6= p. m.
- -1.3

5.3

P
B

l}.

[ R

- 10 Tm

East of the meridian, a. m. oben., U. C.ina. m.

QGr. U. C., May 18, 1045

“%y/ 1M Totoben, sameds
on ,
v Hour angle, cast
-’4/)
VR

Rad fos lane
oG, 107 1008

3
il
/ &L —2%r] L.M.T.ofU.C,Mayis
L et L. M. T. of obsn.

Hour angle, east

=10t 1 .8=a m.

=10 05 s m.
- 4429 am

- §417.6=

Figure 6. 1.2 Exanples of Conputing Hour Angles of Polaris,
both West and East of Meridian, with Diagrans
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for these observations, since no artificial lighting is required for
illumnation of the theodolite cross hairs, and marks at the site can

be easily seen. Very precise azinuth determnations are possible by
this method; even at the most unfavorable tine, when Polaris is near
culmnation, an error of as nmuch as 1 minute in tining causes a bear-
ing angle error of only O 3 mnute of arc at latitude 40° [96].

6. 1.1.6 Azimuths can be deternmined by observation of Polaris from
about latitude 10° N to 65° N, for other northern latitudes, and for

| ocations in the Southern Hem sphere, azinuths nmay be determ ned by
reference to other stars or the sun. Star charts and tables for the
reduction of observational data are contained in nost ephenerides
[90, 91] and the techniques are discussed in surveying manuals, such
as those referenced in the preceding paragraph.

6. 1.2 Cbservational procedure
a. Set watch to exact standard time by nonitoring a time
broadcast station
b. Set up the theodolite or transit, and carefully level the
i nstrument.
C. Set up a mark at a distance of 100 to 200 neters from

the observation station. |f observations are planned
for hours of total darkness, provision nust be nade
for lighting the mark. Center the instrument on the
mark (0° azinuth).

d. Focus telescope on a distant light or star.

e. Locate Polaris (see figure 6. |-1). Bisect the star, and
note the exact time (if working alone, a s top watch
may be useful). Record the horizontal angle from
the mark to Polaris.
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f. Reverse the telescope, bisect the star, and record
tinme and horizontal angle.

g. Wth the telescope in the reversed position, again
bi sect the star and record time and angle.

h. Return the telescope to the direct position and make. a
fourth observation.
Use the average watch time of the four observations to
determne the correct local tine of the Polaris
observation

j Deternine the mean horizontal angle fromthe mark to
Polaris, and to this apply the azinuth of Polaris at
the mean time of observation to obtain the true bearing
of the reference mark

k. Lay off a reference baseline on the site

6. 1.3 Determ nation of local mean tine

6. 1.3.1 The distinctions between the various tinme designations are
inportant. Apparent time is based upon the real sun, with a day

counted fromthe sun’s neridian passage on one day to the neridian
passage on the next. This rate is irregular. Mean solar tine is based

upon an imaginary sun whose day is uniform This is the tine general -
ly used for civil purposes, Wwhile sidereal time is used by astronomers.
A sidereal day is equivalent to 23 hours 56 minutes 4.091 seconds in
mean solar tinme.

6. 1.3.2 Local nean time is identical with mean solar tine on the

meridian where that tine is enployed, and standard time is the same

as mean solar time on the central meridians of each time zone in the
US (e. g. , Eastern ‘Standard Tinme is based on the 75th neridian
time). Standard tinme is reckoned from the neridian passing through
the observatory at Geenw ch, England (longitude 0°); in this time zone
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standard time is called Geenwich Gvil Time (G CT), Geenwch

Mean Time (GMI), or Universal Time (U T. ). If we consider the
apparent nmovement of the sun fromeast to west in the celestial sphere
(the dome of the sky as viewed froma point on earth) we find that when
the sun crosses the neridian at Geenwich it is noon or 1200 hours

G CT, but it is not yet noon on neridians_west of Geenw ch, and noon
has already passed at neridians_east of Geenw ch. Standard or mean
solar tinme varies by one hour for each 15(%f | ongi tude, thus there is

a difference of 5 hours between Geenwich and the 75th nmeridian in

the U.S. Tine zone boundaries are arbitrarily set, frequently to con-

formto political or geographical boundaries, and in some parts of

the world the “official” tinme does not conformto a standard nunber of
hours from G eenwich. For exanple, many countries in Europe which
are in the Geenwich tinme zone have chosen to use Central European
Tine (based on the 15° E neridian) as their official tine. Geat
caution nust therefore be used in converting fromthe local officia

time to local nmean time or Geenwich Cvil Tine

6. 1.3.3 Tabular data in the epheneris are listed for nean time

at Geenwich, and calculations related to Polaris observations require
the local nean tine at the point of observation. It is usually conven-
ient to use a watch set to standard time and correct the nean tine

of observation for the distance east or west of the standard meridian

Corrections are based upon the follow ng relationships:
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Longi tude (arc) Ti me
360° 24 hrs
15° 1 hr
1° 4 m nutes
15’ 1 mnute
! 4 seconds
15" 1 second
I 0.067 second.

Note the distinction between minutes and seconds of arc_(longitude)

and mnutes and seconds of time. A station east of a standard neridian
will have a later LMI than a station on that neridian, and a station
west of the neridian will have an earlier LM

6. 1.3.4 To illustrate the nethod of converting from standard time

to LMI, consider the follow ng exanple:

Latitude 40° 30" 00" N, Longitude 92° 30" 10" W

Date: April 20, 1972

Mean watch tine of observation: 18 hrs 27 min 55 sec CST.
Since the observation point is 2° 30" 10" west of the tine zone meridian
(90° W, the “sun” time or local mean tine is somewhat earlier than it
would be if the site were exactly on the 90th meridian. The correction

is as follows:
2° = 8 mnutes
30' = 2 minutes
10"

= .67 seconds (or .01 min. )

Total correction = 10 min 0.67 see, or 10.01 mn
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Applying this correction, we obtain

18 hr 27 mn 55 sec
-10 min 0.67 sec

18 hr 17 mn 54 see, or 18 hr 17.91 min Local Mean Tine

If our site had been east of the neridian by the sane amount (|ongitude
87° 29" 50" W the correction would have been the same, but it woul d
have been added to the time of observation (CST) to obtain LMI. Also,

if the watch used is known to be fast or slow at the tine of observation

this nust be taken into account.

6. 1.4 Hour angle determ nation
6. 1.4.1 After obtaining the LMI of the observation, we can proceed

to the calculation of the hour angle. For the exanple mentioned above,
we woul d refer to the table on page 3 of the Bureau of Land Manage-

ment ephemeris [90], and find that on April 20, 1972 the upper cul mn-
ation (U C) occurs at 12:09.0 p.m and the declination is 89°08" 20.48".
This time for U C is the mean time on the G eenw ch Meridian, and
mean time of U C. on other meridians will be slightly different because
of the difference between solar and sidereal time. Referring to the

table on page 27, for 90° 30" Wlongitude the correction is -1 mn

01 see; therefore the local mean time of culmination at our observation
point is 12:09.0 - 1.0 = 12: 08.0 LMI. Now we draw an hour-angl e

di agram
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U.C. =12:08.0
S DIRECTION
POLARIS ROTATION
18:17.91
TIME OF
OBSERVATION
18:17.9
-12:08.0

6:09.9 (HOUR ANGLE)

Figure 6.1-3 Exanple Hour-angle Diagram

A nunberof exanples of hour-angle conputations are given in
figure 6.412.

6.1.5 Azinuth of polaris

6.1.5.1 Referring now to page 19 of the epheneris, we enter the
table withhe hour angle and the station latitude, and find the azimuth
by interpolation:

Latitude
Hour Angle 40° 40° 30" 4 2°
6:09.0 67.1 69. 2
6:09.9 67.082 67.6 69. 182
6:19.0 66. 9 69.0

To this value we make a correction for declination, obtained fromthe
ri ght-hand colums of page 19: +0. 2.

The corrected azinmuth is 67.8, or 1°07.8".

If we assunme that the nmean horizontal angle (mark to star) was

22° 30.1",

22° 30. 1
+1° 07.8'

23° 37.9'
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The true meridian is therefore 23° 37.9' to the east of the |ine connect-

ing the mark and observation point. Wth this information available
we can lay off a true reference baseline at the site.

N

+
POLARIS
MARK o H
\ 22°3077 \ 1°07.8”
\7¢ ./

\

‘% OBSERVATION
POINT

Figure 6.1-4 Exanpl e Baseline Diagram (diagramnot drawn to scale).
6.1.5.2 The nmethod outlined above for observing Polaris and cal cul at-
ing true azimuth is based upon material in the “Mnual of Instructions
for the Survey of the Public Lands of the United States” [95]. Wien
using other ephenerides (for exanple, the Solar Epheneris and Sur-
veying Instrument Manual [91], slightly different procedures are

fol lowed. The various ephenerides are revised annually, with the

i ssue for the comng year available in Novenber or Decenber

6.1.6 Observation of Polaris by the elongation method
6.1.6.1 If, because of loss or damage to watches, accurate time is
not available, azimuths may be determ ned accurately by the elonga-

tion method. The instrument is set up and leveled well in advance of
the time of elongation indicated by the ephemeris (we assune that
sonme crude timepiece is available). Check observations are made at
intervals of a few minutes, and when the rate of change of azinmuth
begins to decrease, the observer is alerted that the tine of elongation
is approaching. Wen no change in azimuth is noted over 1 or 2
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mnutes (Polaris appears to nove along the vertical cross hair) obser-
vations of the indicated azinuth should be started, and continued unti
horizontal novenment of the star is again evident. observations should
be alternated between direct and reversed position of the telescope;
select a set of four readings that enbrace the extreme position of the
star and use the nmean of these readings as the azimuth at el ongation.
Then enter the table on page 22 of the ephenmeris [90] with the station
latitude and determine the star to pole azinuth at the time of elongation.
Then cal culate the true bearing (mark to pole) as in the hour-angle

met hod.

6.1.6.2 There is a period of about 15 minutes on either side of the
point of elongation when the azimuthal change is only about 1' of arc

so nearly continuous observation during this period is recomended.

6.1.7 Checki ng of azinmuth

6.1.7.1 It is recomended that the calculations for azimuth fromthe
observational data be made independently by two menbers of the sur-
vey party.
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Section 6.2 DETERM NATION OF ELEVATION BY ALTI METER SURVEYS

6.2.1 Altimeters are essentially aneroid barometers calibrated to
indicate altitude instead of pressure. The pressure-height relation-
ship is based upon an assuned “standard” atmosphere; these so-called
standard conditions will seldom if ever, be found in the real atnos-
phere, so that some error is nearly always present. A comonly
used relationship for scale calibration of surveying altimeters is

based upon the assunption of a conpletely dry, isothernal atnos-
phere with a uniformtenperature of 10° C (50° F) and a sea-leve
pressure of 29.90 inches of nercury [92]. Since the sea-level pres-
sure sometimes exceeds this value, an altineter calibrated on this
assunption will sometines show negative values of altitude; this is
avoi ded on other instruments by placing the scale zero at -1000 ft
(pressure 31.026 inches) so that readings will always be positive

Wth the latter scale calibration, however, the indicated altitude is
usual Iy about 1000 ft higher than the true altitude.

6.2.2 Pressure always decreases with altitude, roughly at the
rate of about one inch per 1000 ft; thus at 5000 ft above sea |evel the
actual atnospheric pressure will be around 25 inches of nercury.
Baroneters (and altimeters) indicate the total weight of air above the
point of observation; this varies with the tenperature and humidity of
the air masses and is greatly influenced by noving weather systens.

Al timeter surveys shoul d be conducted only during stable weather con-
ditions, when winds are light and the pressure and tenperature are
reasonably steady over the survey area; operations should be suspended
in stormy weather or when winds are high or gusty.

6.2.3 In spite of the limtations outlined above, the surveying
altimeter is very useful for determining differences in elevation
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between two points, one of which is a benchmark or other |ocation of
known elevation. By making corrections for tenperature and hum dity
differences (which affect the density of the air), horizontal and tenpora
changes in pressure, and scale calibration tenperature, very rapid
and accurate surveys can be obtained. It should be noted that the
“scale calibration” correction is conpletely separate fromthe air
tenperature correction;, the scale is engraved under |aboratory condi-
tions with a tenperature of about 24° C (75° F), and when used in the
field under different tenperature conditions a slight scale change
occurs.

6.2. 4 The followi ng general precautions are applicable to nost
surveying altimeters

a. Handl e the instrument as you would a good watch -- do
not drop or jolt it, and pack in a padded case when
shipping or nmoving in a vehicle.

b. Never expose the altimeter to the direct rays of the
sun -- use in the shade, or shield with the body during
observations. Avoid placing the instrument on hot
pavement, rocks, netal roofs, etc

C. Al'ways read the instrument in the same position
(normally horizontal) and be careful to avoid parall ax
errors -- if the dial has a reflector ring, make the
reading when the pointer and its image appear coinci-
dent .

d. If there is a large change in tenperature between two
observation points, allow a period of time before the
second reading to permt the instrument to reach
thermal equilibrium
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Tap the case of the altimeter lightly with a finger or
penci| eraser before reading; this helps reduce errors
caused by mechanical lag or friction in the mechani sm
When several altimeters are used by a field party, it
Is a good practice to nmake conparative readings at

| east once each day and record the values in the field
notebook. Any large change in the differences between
instruments is reason to suspect possible instrunent
damage.

Avoid frequent resetting of the dial pointers in the
field. It is better to make corrections to field readings
based upon the nost recent benchmark-to-altimeter
conpari son.

After checking an altineter at a benchnmark, observa-
tions at the various points in the field should be nade
as quickly as possible. Even when the general pres-
sure systens are static there are regular diurnal
variations that nust be allowed for -- a sort of atnos-
pheric tide. These diurnal variations have a 12-hour
period and cause nmaxinma at 1000 and 2200 |ocal tine,
and mininma at 0400 and 1600 [94]. In the tropics these
are the nost inportant pressure fluctuations and are
very regular from day to day; in tenperate and higher
latitudes the diurnal effect is frequent masked by the

| arger pressure changes caused by noving pressure
systens, but the “tidal” effect is still present.

6.2.5 There are a nunber of ways in which altinmeter surveys can

be conduct ed:;

the choice depends largely upon the personnel and num

ber of instrunents available, as well as the accuracy required from
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the particular survey. Two procedures will be described, the single-
base method and the two-base nethod [93, 96].

6.2.6 In the single-base survey, two altimeters are required. One
remains at a benchmark or other point of known elevation, with read-
ings of the altimeter made at regular intervals -- say every 5 or 10
mnutes. The other instrument, referred to as the roving altineter,

is read at the various points along the path where elevations are desired.
At both stations, tenperature and hum dity measurements are obtained
with small battery-powered psychrometers, or with the sling-type
psychrometers packed in the case of many surveying altineters. The
indicated differences in elevation are corrected by a factor determ ned
by the nean tenperature and humdity over the path from benchmark to
field point at the time of the field observation; tables or nonograms for
the corrections are included with the altinmeters. The corrected dif-
ference in elevation is then conbined with the known el evation of the
base station or benchmark to obtain the desired elevation field point.
(Corrections may also be required for the scale tenperature).

6.2.7 The two-base nethod. elimnates the need for tenperature
and humidity corrections, although the tenperature nust still be
checked to determine if scale tenperature corrections are necessary.
One station is established at a low point in the area, and a second
station at a high point; the points of unknown elevation are between
these two stations. The elevations of the base stations nust be known;

i f possible they should be located at benchmarks. A third altinmeter is
carried to the field sites where elevations are desired. All three
altineters are read sinultaneously, either by prearranged schedul e

or by radio coordination. It is assumed that the atnospheric proper-
ties change linearly between the base stations at a given tine, and

that the ratio between the known base-station elevation difference and
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the altimeter-indicated difference is equal to the ratio between the un-
known el evation difference from base station to field point and the dif-

ference indicated by sinultaneous altimeter readings. For exanple,

Upper base - Lower base (Elevation) = Field Pt. - Lower base (El evation)
Upper base - Lower base (Altimeter) Field Pt. - Lower base (Altineter)
1000 ft - 400 ft - X -400
1200 ft - 500 ft 800 - 500
600 - X - 400
700 300

X - 400 = 300 x 6/7; or X = 257 + 400 = 657 ft (Elevation of field pt.)

Use of a conputation sheet, such as that shown in figure 6.2-1, is
reconmended. The average error of elevations obtained with the two-
base nethod is said to be 3 ft with the two base stations separated by
10 miles horizontally and 1000 ft vertically.

6.2.8 There will be occasions when limtations of personnel or

equi pment nay require a single-altimeter survey. |In this case, take a
reading at a benchmark. [If the two benchnmark altimeter readings vary
by more than a few feet, repeat the sequence; in any case, it is prefer-
able to take a series of readings and use the average el evation difference
in determning the elevation of the field point.

6.2.9 There are recording altimeters available which reduce the
manpower demands of the single-or two-base surveys. A recording
mcro barograph is also very useful on a field survey to obtain a con-
tinuous record of the pressure variations related to diurnal effects or
moving pressure systems; with the aid of this record one can elinin -
ate or recheck observations made during periods of rapidly changing
pressure, or even correct field observations for the dynamic pressure

conponent.
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Chserver J. Porter

Dat e 10 Sept. 71

(1) Upper Base Station Elevation 1000  (Location) B._ M 2-Longhill

(2) Lower Base Station Elevation 400 (Location) Airport Runway 6
(3) Difference (1 - 2) 600

(4) Altimeter Reading, Upper Base 1200

(5 Altineter Reading, Lower Base _500
(6) Difference (4 - 5) 700

Site # A Site # B|Site # C
(7) Altineter Reading; Field Site 800 570
(8) Altimeter Reading; Lower Base 500 500 500
(9) Difference (7 - 8) 300 70
(10) Divide (3/6) 0. 857 0. 857 0. 857
(11) Mwltiply (10 x 9) 257.10 59. 99
(12) Elevation; Lower Base (2) 400 400 400
(13) Elevation; Field Site (11+12) 657 460

Upper Base
Site A

Figure 6.2-1 Two-base Altimeter Survey Conputations
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6.2.10 The effect of these dynam c pressure changes on survey
accuracy can be significant, as shown by the follow ng exanple:

Bet ween 1000 and 1200 local time, while an altineter survey was in
progress, the barograph shows a pressure fall of 0.10 inches.
(Changes of this magnitude occur frequently in many parts of the
world.) Using the rule-of-thunb relationship that a change in eleva-
tion of 1000 ft results in a pressure change of about one inch of ner-
cury, a change of 0.10 inch is equivalent to an elevation difference of
about 100 ft. Therefore during the 2-hour period while the survey was
in progress, the dynamc pressure conponent was causing the equiva-
lent of a 25-ft elevation difference (at a point) each 30 mn.

6.2.11 Anot her source of altimetry error is related to the horizontal
gradient of pressure, which is indicated by the spacing of isobars on
weat her maps. A survey proceeding on a line perpendicular to the
Isobars in the vicinity of a noderately intense storm system m ght
incur errors on the order of 1 to 3 ft per mle, related to this hori-
zontal difference in the pressure field. Under such circunstances,
however, the surface winds could be expected to be 15 nph or nore,
and if the rule nentioned previously of taking surveys only during

very light wind conditions is followed, the horizontal pressure gradient
error should be relatively mnor.
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Section 6.3 OPTI CAL METHODS OF CHECKI NG RADI ON- PATH OBSTRUCTI ONS

6.3.1 | ntroduction

6.3.1.1 (Obstruction clearance, location, and elevation can be cal cu-
lated from observations of lights on a tower at one end of a Iine-of-
sight path fromthe other end. Binoculars are often useful for making
these observations. The lights used may be sun reflection flashes

xenon tube flashes, a laser beam or an ordinary high-intensity electric
lanp. Al of these sources have advantages, but the xenon flash tube
seens to be the nost convenient source with a long range. The flashes
have the additional advantage of being easily identifiable. Xenon
flashes with an effective radiated peak power of a million or more watts,
can be obtained from portable equipnent.

Li ght-ray bending through the atnosphere is about the same
as for radio waves in a well-nixed atnosphere, and errors in deter-
mning radio clearance from optical measurements shoul d not be
appreci able on the normal |ine-of-sight paths under such conditions.

On the tower at Fin figure 6.3-1, a light is located at a
potential upper antenna position, D, with another light below it at B
The location of B is not critical but it nust be conpatible with the
height of the tower at EE Also for a path with two predoninate obsta-
cles care nust be taken in choosing the heights of B and C. The height
of D and B above ground nust be nmeasured. The ground elevations
above nean sea level, ms.1., of sites E and F should be known as
well as the distance, d, between E and F. At site E the height above
ground where light Dis half obstructed fromview (C) is measured
al so the height A where Bis half obstructed

Using the standard slope-intercept fornula for a straight

line, y = m + b, the intersection of lines AB and CD at the obstacle
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Figure 6.3-1 Calculating clearance over an obstruction using lights
and binoculars,
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(X, Yo) can be readily calculated. The difference between the val ue
of y on the lineAD at x,and the value of y,is the clearance over the
obstacle for the meteorological conditions prevailing at the time when
the observation of the light at D and B was made. The value, d,= x,
should be verified using the map profile if one is available.

Using the configuration in figure 6.3-1 as an exanple, the
distance to the obstacle, d,; the clearance, Ay, and the height of the
obstacle above ms.1., h, is calculated as follows :

From the tower coordinates at E and F, the distance, d is found to be
20 km The elevation above ms.1. at Eis 1100 mand at Fit is 21 m
D was determined to be 35 mabove F and B was 7 m above F. A was
observed to be 41 mabove E and C was 3 mabove E.

The coordinates of A, B, C, and D are as foll ows:

(X0 Yo = (0, 1141)

(X, Vo) = (20000, 28)

(Xc’ yc) = (0, 1103)

(X, V) = (20000, 56).

— _ 28 -1141 )

For AB, y = 0000 x + 1141 (6.3-1)

_ 56 -1103 )
For CD, y = 50000 x+ 1103 (6.3-2

_ 56 - 1141 ]
For AD, y = Wx+ 1141 (6.3-3)

or

For AB, y = -0.05565 x + 1141 (6.3-1)
For CD, y = -0.05235 x + 1103 (6.3-2)
For AD, y = -0.05425 x + 1141 (6.3-3)
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Subtracting eq. 6.3-2 fromeqg. 6.3-1,
0.0033 x,= 38

d, = x,= 11,515.1 m

Yo,= 500.2 m

For Kﬁat X o
y = -624.69 + 1141
y = 516.31 m

Then Ay = 516.31 - 500.2 = 16.1 m
For ms.1. at X, assuming k=4/3, fromfigure 6.3-1 and paragraph 4.2.15.2

=-x + x.d
2 k a,

Substituting for the exanple,

y = -132,597,528+230,320,000

(2) (4/3)(6,370,000)
Then h,= 500.2 -5.6 =494.6 m Note that six place accuracy should

= 5,6m.

be used in some of these calculations

Met hods for determining clearance by nmeasuring elevation
angles fromthe obstruction itself are available but these methods have
the disadvantage that it is often difficult to orient yourself in the area
where the obstacle is located and many tines the obstacle is relatively
i naccessi bl e.
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Section 6.4 EQUI PVMENT, TOWAERS, CALIBRATIONS, AND TEST PROCEDURES FOR
PATH LOSS MEASUREMENTS .

6.4.1 [ ntroduction

6.4.1.1 Path-testing of a radio route is a large and expensive opera-
tion, which nust be carefully organized and well run to get the best
results. Tenporary test-towers nust be set up at each proposed
repeater site, with the radio transmtter at one end of a path and the
receiver at the other. Height-1o0ss curves are obtained for each path
and anal yzed before moving to the next path. The transmitter T and
receiver R leap-frog along the route, and while one path is being tested
the construction crew erects the next test tower. The requirements
for equi pnent, towers, crew, etc., are discussed in nore detai

bel ow.

6.4.2 Characteristics of the radio equipnent

6.4.2.1 The main requirenents of a test systemto be used for path-
testing are accuracy, reliability, portability, weatherproof operation
and ease and convenience of operation. It nust also be packaged for
nounting on an antenna carriage) and so must be lightweight. For
extra convenience and ease of operation, the power and control units of
the mcrowave equi pment are often nounted in trucks with specially
built bodies. They can then be removed easily for testing from roof

tops or inaccessible locations

6.4.3 Typi cal test link
6.4.3.1 There are several different types of equi pnent available

operating in the 4 and 8 GHz bands. The transnmitter and receiver are
packaged in weather proof units nounted on the rear of parabolic dish
antennas. These antennas ride up and down the tower on antenna

carriages, which run on tracks attached to the tower, or on the tower
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menbers thensel ves. Provision is made for tuning the test equipnment
over the desired frequency range, and to monitor frequency and out put
power. The test equipment may be powered by either battery or a.c.,
and all power and control voltages are carried up a control cable, to
the radio-frequency units, froma control cabinet at the base of the
tower. Wen used for path-testing, the receiver is calibrated in deci-
bel s from free-space |loss, or power neasured at the receiver input
termnals, sonetimes by neans of operating fromthe receiver auto-
matic gain control or an IF log-linear anplifier. The signal level is
then obtained directly fromthe neter reading, using a calibration

curve.

6.4.4 Test -t owers

6.4.4.1 Before deciding on the type of test-tower to use, it is neces-
sary to determine what height of tower is required. This has a direct
bearing not only on the cost of the path-testing, but on the results
obtainable. On 4 and 6 GHz routes, where the average path length is
roughly 40 km permanent towers up to 100 m are common, and | onger
paths or higher towers occur frequently. Figure 6.4-1 shows a typica
48.3 km path, with the profile plotted for k = 4/3. The two obstructions
are also plotted for k = 2/3, plus the usual clearance for the

first Fresnel-zone radius

6.4.4.2 The heights of the tower required to give this clearance at

k = 2/3 are roughly 60 m at each end, as shown. However, the area
between 18 and 37 km contains potential reflecting surfaces. It is
therefore desirable to search for reflections with path clearances
equi val ent to those occurring when k approaches infinity. The earth
bul ge at mdpath is roughly 34 mat k = 4/3 versus zero at k =,
Hence, a test-tower 100 m high at both ends of the path is required
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s,8m 3h — }zt,tm
R "‘{: M‘E
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/ 32 mI k=t/3 24, 4m
0 17,7 37,0 48,3

d (km)

Figure 6.4-1 Required Height of Test-tower.

Experience shows that it very seldom pays to use less than 60 m A
good rule is to estimate the tower height required to nmeasure two even
zones from possible reflecting surfaces in the path. This usually
means towers 100 m hi gh.

6.4.4.3 One type of tower often used is erected fromthe bottom up
by inserting the next section. The sections come in either square or
triangul ar cross-section as shown in figure 6.4-2. The sections are
made of tubular metal, usually aluminum and the corners formtracks
up which the antenna carriage runs. Erection of the tower requires a
crew of about 12 nen and 4 to 8 hours of working tinmne.

6.4.4.4 Another type of tower often used is a scaffolding type, avail-
able in heights up to 100 mor nore. It is a guyed tower, built in sec-
tions which fold up for shipping. To erect the tower, the sections are
stacked one on top of the other, being hoisted to the top with a ginpole
arrangenent before being bolted in place. Each 2 msection includes
a platform and stairs which zigzag up inside the tower. This makes
it easy to do optical tests and to adjust the equipment. Special tracks
whi ch hook to all four sides of the tower pernmit the use of deep whee
flanges, thereby elimnating danger of the carriage comng off the
tracks, see figure 6.4-2c.
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Dish
Dlsh Dish Path 1

(
antenna L guman o
lntenna ' Dk "R \ Dish
Face of '°w°' Faco of tower Anchors
/ \ Path 2

L3

a. Tower has only two b. Triangular tower—has

Jaces for antennae three faces for antennae
\ Path t /
f Dish
Path 4

- Path 2

W/

~\
/ oth::s\

—_—

c. Scaffulding tower—has four
Jaces for antennae

Figure 6.4-2 Oientation of Test-towers.

6.4.4.5 The erection time for this tower is approxinmately 8 hours,
with a crew of four to eight nmen and a forenan.

6.4.4.6 Test paths often have one end at an existing mcrowave site.
It is usually possible to lash the tracks to the cross nenbers of
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the pernmanent tower. The special tracks of the scaffolding type tower
can be used in the same way (they may require extra cross pieces
mounted tenporarily on the existing tower).

6.4.4.7 The tower shown in figure 6.4.2a gives a coverage us-

ing two antenna carriages on opposite faces of the tower. However,
because the path bearings are sel dom 180° apart, it is often difficult to
orient the tower correctly. Local conditions may limt the choice of
suitabl e anchor |ocations and correct orientation of the tower nust be
decided on the spot. This is not a problemwith the triangular tower
(three faces) or the scaffolding tower (four faces). Path bearings
shoul d be marked with stakes. Anchor locations should also be staked.
6.4.4.8 The test-tower nust be erected on the same spot as the
pernmanent tower, so the proper spot nust be agreed on before testing
begins. The test site should be nmarked by iron stakes, and a plot plan
shoul d show measurements to proninent features of the terrain. The
exact location will then not be lost if the stakes are disturbed. If
these precautions are not taken, the permanent tower nay easily be

|l ocated to one side of the test path, resulting in extra obstruction

hei ght and a poor or unworkable path. The tinme and noney spent on
path-testing can be conpletely wasted if these precautions are not

t aken.

6.4.4.9 A second precaution nmust be taken, i.e., allowance nust be
made for changes in elevation of the site during construction. G ading
or filling of the site often changes the grade |evel by many neters.
6.4.4.10 These changes must be allowed for when specifying antenna
heights. Antenna el evations should be given, not tower heights. They
can be quoted relative to an arbitrary datum set up on the site, to

make sure the tower provides the correct antenna heights
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6.4.5 Associ ated test equipnent

6.4.5.1 The test equipnment listed below is typical of what may be re-
quired, depending on the type of radio equipnent used for testing

a. power neter - to neasure power levels at radio
frequenci es;

b. signal generators - to generate radio-frequency signals;

. wavegui de and coaxial attenuators - to adjust radio-
frequency power |evels;

d. wavegui de to coaxial transitions;

e. | og-linear anplifiers;

f. m crowave receiver (solid state);

q. preselector filter;

m crowave antennas;
i directional couplers;
j. signal -1evel recorders;

k. a VHF radio-link is used for talking between trans-
mtter and receiver sites. Antennas for this system
are usual ly ground-plane types, mounted on top of the
test tower. Yagi or corner-reflection types are also
used if extra gain is needed, or interference is a
probl em

6.4.6 Antenna carriage

6.4.6.1 The antenna carriage is a light netal framework, designed to
ride up and down the tower carrying the test antenna and the transmtter
or receiver. It should have notors to adjust azimuth and el evation of
the antenna by renote-control fromthe ground. This greatly reduces
the need for manpower at the test site, and increases speed and accu-
racy in meking tests.

6.4.6.2 The antenna carriage is raised and |owered by neans of a
winch. The winch fits on the tower and can be hand-powered or notor-
driven. Any notor-driven w nch used should be arranged to stall well
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before the breaking point of the cable is reached. A safety cut-off
switch should be nounted on the carriage, wth a suitable stop installed
at the tower top. A counter weight may be helpful for hand operated

hei ght variable equi pment.

6.4.7 Power requirements

6.4.7.1 The radio test equipnment may be powered either by a.c. or
battery, but there is sonetimes a need for a.c. to charge batteries,
and to operate winches, azimuth and elevation motors, radi o comuni -
cation equipment, tower lights, test equipnent, etc. In choosing a
power source, it should be noted that:

a. at high altitudes, engines often become less efficient
output drops and voltage regulation suffers, so a large
capacity is needed;

b. good frequency and voltage regulation are essential.
Cenerators nust be |ocated far enough away t hat
noise is not a problem the [ong power feeds then
cause a large voltage drop

C. accurate test results depend on well-regulated line
voltage at both transnmitter and receiver

d. continuous-duty rating is required. The radio equip-
nment should nornally be left on to reduce surges and
warmup tinme, and prevent condensation of noisture
in the equipment.

6.4.8 Li censing of radio equi pment

6.4.8.1 A radio-station license is usually needed for the radio test
link and the VHF radi o conmunication |ink

6.4.8.2 Approval of government agencies is necessary for each test
tower erected. Data nust be provided on dates of erection and dis-
mantling of each tower, ground elevation, tower height, and latitude
and longitude. Alternative sites should be approved in advance, to

avoid delay in case test paths prove unsatisfactory. Licensing
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agencies often require painting and lighting of all towers, or those
exceeding a certain elevation
6.4.8.3 Details on local requirements should be checked with the

national or other government agencies concerned.

6.4.9 Manpower requirements

6.4.9.1 Nomnal requirenents are one engineer, one technician and

two others

6.4.10 Cal i brations:
6.4.10.1 The test receiver should be calibrated before starting tests

each day and checked at intervals, as required. The transmitter out-
put shoul d be measured and checked periodically. Some of the snal

solid-state mcrowave oscillators are very stable in power output.

6.4.11 Radi o-frequency levels in a radio path

6.4.11.1 Figure 6.4-3 illustrates the variation in level of the radio-
frequency signal over a typical mcrowave path. The free-space path
loss is actually the loss between antennas, but the calibration technique
must sinulate the signal arriving at the receiver converter. The
technique of doing this is described below, for a typical test link operat-

ing at a frequency of 4 Gi.

odzazho . - - 451
'  (MHz2) d8m v
Antenna Antenna
Mt * 60 Free-space loss = 2.4
Antenns °
i\ *L0 | gain T
| Yout [ s 4 2010g 48.3 + 20 log 4000 = 138.1 ¢B
- 0 L -4 A L ! e
& 0 [T 20 30 40 4.
> -2 d (km)
. | R Free-space input
40 L] =451
60 i Antenna d8m
© J goin
-78.1

Figure 6.4-3 Levels of the Radio-frequency in a Radio Path
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6.4.12 Typi cal calibration procedure

6.4.12.1 The equi pment should be allowed to warm up for stable opera-
tion (a nininumof 30 nmin). The transmtter is then tuned to the de-
sired test frequency, the output is neasured and recorded in the |og
book

6.4.12.2 The receiver should be carefully aligned and tuned to the test
frequency. The free-space path loss is then calculated for that fre-
quency, for the particular path length. The theoretical free-space input
signal at the receiver can then be calculated by subtracting the sum of
antenna gains and transmitter output from the free-space loss. Thisis
the level at the point X in figure 6.4-3, and is the level that nust be
simulated by the calibration procedure.

6.4.12.3 Figure 6.4-4 is a block diagramillustrating how the auto-
matic gain-control neter of the receiver is calibrated to read the radio-
frequency signal strength. Either a log-linear IF anplifier or automatic
gain control voltage may be used to drive the recorders. The signal-
strength recorder should be connected and calibrated at the sanme tine
as the signal-level neter

Variadle radio-frequency Intermediate-lrequency Main intermediste-frequency
Dicectional attenvator pro-amplifier amplifier
Signai vee Pt Receiver N
0 t ' ’6' converter ~
| N I —~|
imiter
L [}
Power Aftenvation can be used at
meter ik, diste-freq v y instead Automatic gain-corired
&t iadio-frequency

o 0
meter

Figure 6.4-4 Block Diagram of the Method of Calibrating the
Aut omatic-gain-control Meter
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6.4.12.4 In the calibration procedure, the signal generator feeds a
signal at the test frequency into the receiver converter. The total |oss
of the directional coupler and variable attenuator, and the signa
generator output, are adjusted to give the desired free-space input to
the receiver. Changing this level in steps of 1 dB (by means of the
variabl e attenuator) and noting the reading on the signal-level meter
will give a calibration curve as in figure 6.4-5. (It is, of course, pos-
sible to elimnate the variable attenuator if the output of the signa
generator is easily adjustable in 1 dB steps).

6.4.12.5 The signal-level indication is usually adjusted so that the
free-space level falls on the most linear part of the calibration curve

as shown in the typical curve in figure 6.4-5.

300 A / Free space
§ |
E |
> [
[
S8 [
e |
£% 100+ '
&2 |
|
o i b IS WY S | : o1 i A :J A
+6 0 - 10 =20 dB

Figure 6.4-5 Typical Calibration Curve

6.4.13 Sanpl e calcul ation

6.4.13.1 The signal generator output required to sinulate the free-
space level at the receiver input is calculated as in the follow ng

exanpl e.
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For a path 48.3 kmlong and a test frequency of 4 GH:
Transmitter output (0.5 W . . . .
Antenna gain (two 1.5 mdishes) .

Free-space path loss (32.4 + 20 log 48.3 + 20 | og 4000)
Free-space receiver input .

This is the level to be sinulated by the signal generator
as follows:

Directional coupler loss (at 4 GHz) .

Variable attenuator setting .

Tot al

| oss . C e
Signal generator output to give -45.1 dBm.

6.4.13.2 The variable attenuator is set at 6 dB or nore
| evel s above free space can be sinulated by reducing the
setting
6.4. 14

6.4.14.1 The calibration nust be as accurate as possi bl

Calibration errors

will be reflected in the test results

a. errors in variable attenuator settings

. = -45.1

M L- HDBK- 416
15 NOVEMBER 1977

+27.0 dBm

66 dBm

+93
= -138.1 dB

dBm

and attenuators,

44 dB
__ 6048

50 dB

+4.9  dBm

so that

at t enuat or

€, as errors

Sonme conmon errors are:

each attenuator

should have its own calibration curve and should be

checked periodically;

line voltage variations: the line voltage
especially, should be well regulated. A
can easily cause the free-space level to
down by 1 dB or nore;

at the receiver
change of 1 V
vary up or

| osses in directional couplers and fixed attenuators:

each should have its own calibration curve of |oss as a

function of frequency and be checked peri

odi cal ly;

accuracy and stability in the radio-frequency signa

generator and power neter; these instruments shoul d

be wel |

sheltered from wind and tenperature changes,

and operated froma stable supply voltage;
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e. equi pnent troubles: the nicrowave equi pnent nust be
in good condition and operated by trained personnel

f. antenna pointing: the full gain of the antennas (the
val ue used in cal cul ations) nust be realized.
6.4.15 Suggested test procedure:
6.4.15.1 Height-loss tests

a. Transmitter antenna fixed at one height and the receiver
raised or lowered in steps

b. Receiver antenna fixed and transmtter antenna varied
in steps.

6.4.15.2 Al runs should be nunbered in sequence; this helps to
identify changes in k, or in calibration of the equipnent.

6.4.15.3 The transmitter antenna is oriented on instructions from the
receiver operator, using the VHF radio for comunication. The anten-
na heights and signal levels are recorded and imediately plotted. The
antennas are usually raised in steps of 0.5 mand oriented for maxi mum
signal at each step; the highest reading obtained at each setting is the
one recorded. It is very inportant to locate all points at which the

hei ght-10ss curve reaches the free-space level, maxima, and ninim.

6.4.16 Suggest ed sequence of tests

6.4.16.1 Upon conpletion of the first run, the height-loss curve shoul d
be exanined, in conjunction with the profile, to determ ne what the

next run should be. Each test should be done twi ce to insure repeata-
bility. The test sequence should nininize unnecessary novenent, and
the tests should be designed to obtain as much information with as few
tests as possible. The tests should be performed by, or supervised

by, an experienced man, to ensure best results. The test sequence
below is intended only as a guide; the results of one test will suggest
subsequent tests designed to get the desired information. One test can
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often be set up to give data on both obstructions and reflections, there-
by reducing the nunber of tests needed. Make sure of having one a and
one b run with fixed antenna heights at, or close to, the proposed final
heights. Repeat certain runs during the day, as a check on k and on
calibration. If tests run two days, repeat at |east one run fromday to
day. Repeat those tests which best define an obstruction or reflecting
surface near the niddle of the path, where changes in k will show up
the nost.

6.4.17 Wrst combi nations of antenna heights

6.4.17.1 Once a reflection has been located, the effect of different
conmbi nations of antenna height should be investigated. This is done by
| onering one antenna and raising the other, to maintain the same path
clearance. There are two reasons for doing this:

a. it may be possible to find a range of antenna heights
for which the reflections are |ess severe;

b. it is usually possible to |ocate one conbination for
which the reflection is nuch nore severe. This also
gives a better indication of the true reflection coeffi-
cient, and indicates the worst condition to be expected
when the path becomes part of a working system

6.4.18 Test frequency

6.4.18.1 It is usually better to use a test frequency in the same band

as the proposed comunications link. It is also possible to test a path
at, say, 6 GHz, when it is intended to operate the link at 4 GHz. Proper
al l owance nust be made for antenna patterns when analyzing test results

and to allow the proper clearance at the working frequency.

6.4.19 Signal -1 evel recording

6.4.19.1 It may be desirable to obtain recordings of signal-Ievel
variations on the test paths. These are far from conclusive but do
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give sone indication of propagation conditions over the paths. On
difficult paths, it may also be desirable to obtain |ong-term records
of fading.
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section 6.5 PATH LOSS CALCULATIONS FOR SINGLE KNI FE EDGE DI FFRACTI ON LI NES

6.5.1 Lntroduction.
6.5.1.1 Although the primary objective of this handbook is to

provi de engineering guidelines for the design of mcrowave |ine-
of -si ght communi cation links, information relating to perfornmance
estimates for obstructed links is occasionally required when
terrain obstacles blocking the Iine of sight cannot be avoi ded by
relocating terminal or relay sites. In nost cases of interest to
the mcrowave system designer the obstruction can be represented
by a single knife edge (ideally, an infinite half-plane). The
met hods and procedures in Section 6.5 for [ong-term nedian
transm ssion |oss calculations are generally applicable to |inks
operating at frequencies above approximately 5 GH and up to

100 kmlong. Problens involving diffraction over snooth earth

or over irregular terrain not representable by a knife edge are
treated in ML-HDBK-417 on transhorizon microwave system design

M L- HDBK- 417 should al so be consulted for knife-edge diffraction
cal culations at frequencies below 5 GHz, and for |ong-term
transm ssion loss variability estimates for paths |longer than 50 km
6.5.1.2 ML-HDBK-417 includes detailed discussion of

diffraction nechani sns, derivation of the equations used, and
extensive references. For the purposes of the I|ine-of-sight
system desi gner who encounters an obstructed link only
occasionally, it will suffice to provide the required fornul as
and graphs in terns of step-by-step procedures. The user is

referred to ML-HDBK-417 for detailed explanations, references,
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and ot her background material. References to appropriate
sections or paragraphs in ML-HDBK-417 will be provided in
addition to cross references to material in the earlier chapters
of this handbook.
6.5.1.3 Section 6.5 i ncludes determnation of applicable
atmospheric and terrain parameters (sections 6.5.2 and 6.5.3) ,
diffraction attenuation calculations for an ideal isolated knife
edge without ground reflections (section 6.5.4), effects of
ground reflections (section 6.5.5) , and effects of rounding of
the knife edge on the attenuation (section 6.5.6).

A brief discussion of fading and long-termvariability wll
be included as section 6.5.7.
6.5.1.4 Effects of power fading due to diffraction over the
earth's surface when insufficient path clearance exists because
of subrefractive atnospheric conditions were discussed in section
4.4.12 of this handbook. The material in Section 6.5 is also
applicable to cases where a single knife edge-like obstruction
may protrude into the radio path when the refractivity gradient
becones highly positive, i.e., under subrefractive atnospheric
condi tions.
6.5.2 Required Atnospheric Paraneters (See corresponding section
in ML-HDBK-417.)
6.5.2.1 Path geonetry for a single knife-edge diffraction |ink
is usually based on an effective earth radius, a, corresponding
to average atnospheric conditions characterized by a mean surface
refractivity N,. |In cases where the obstructing obstacle appears
only for extreme subrefractive conditions (characterized by

positive refractivity gradients and effective earth radius factor
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values k that are less than 4/3) , appropriate values for the
effective earth radius, a, may be determined as a function of the
refractivity gradient aN/ah. This may be associated with the
long-termdistributions of refractivity gradients such as
estimated for a particular location from[39] or [100].

6.5.2.2 Figure 6.5-1 is a map for determning the average sea-

| evel surface refractivity No. The next step is determining the
surface refractivity as a function of path elevation:

Ny = Ny exp(-0.1057 hy) (6.5-1)
where h is the elevation of the diffracting obstacle above nean
sea level in kmunless either or both antenna site elevations are
0.15 km (150 m) or nore below h,. |If one of the antenna site
el evations e, or e,neets this criterion it is substituted for
h.and two val ues of N, are calculated using (6.5-1) ; the desired
val ue of average surface refractivity is the arithnetic mean of
the two values determned in this manner. |f both antenna site
el evations are 150 mor nore below the diffracting obstacle, e,
and e, are both used and the obstacle height is ignored. The
antenna site elevations e ,and e,nust also be in km h, e_,
and e,w |l also be defined in section 6.5.3.
6.5.2.3 The average effective earth radius factor, k, is related
to Ng by the relation

a = ag[l - 0.04665 exp (0.005577N;) * km (6.5-2)
where a, = 6370 km  This relation holds for 250 < Ng < 400, and
is shown graphically in figure 6.5-2.
6.5.2.4 The relation between the effective earth radius factor k

and the refractivity gradient aN/ah in N-units per Kkiloneter is
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Figure 6.5-2 Effective Earth's Radius, a, versus Surface
Refractivity, N.
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given in figure 4.4-4 of this handbook. The effective earth
radius, a, is then determned by:

a = Ka,km (6.5-3)
where a, = 6370 km as before.
6.5.2.5 The procedure in paragraph 6.5.2.2 above should be used
when a knife-edge diffraction path exists under average
atnospheric conditions, and |ong-term nedian val ues of
transmssion loss are desired. The nmethods in paragraph 6.5.2.4
for determining the effective earth radius as a function of the
refractivity gradient will be useful when the obstruction appears
only for a small percentage of tine; if the time distribution of
ANs/ah can be estimated from[39] or [100], calcul ated
transm ssion | oss values can then be directly associated with
percent-of-time values. This will be discussed further in
paragraphs 6.5.7.3 and 6.5.7.4.
6.5.3 Required Terrain Parameters (See corresponding section in
M L- HDBK- 417.)

6.5.3.1 Terrain paraneters required for knife-edge diffraction

calculations are as follows:

a.  The path distance, d, in kilometers which is determned
fromthe great-circle calculations described in section
4.2.16 of this handbook.

b. The antenna heights (center of antenna feed) above
ground h, and h, in kilometers, from system
specifications or engineering assunptions.

c. The elevation of the antenna sites in kilometers above

mean sea level, e, and e, frommaps or surveys.
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d. The heights of the antennas (center of antenna feed)
above nmean sea level, h_ ,and h,in kilometers, are

h.,= e,+ h,km (6.5-4a)

sl

h,= e,+ h,km (6.5-4b)

s2

h, and h_,should not be confused with the parameters h ,used in
(6.5-1), which refers to the elevation of the diffracting
obstacl e.

e. The distances d,and d,fromthe antenna sites to the
diffracting obstacle (in Kkilonmeters) are obtained from
the path profiles.

f. The elevation of the diffracting obstacle above nean sea
level, h, 1in Kkiloneters.

S

g. The horizon take-off angles, ®@e1 and €2, in radians,

given by:
h -h d
o . =2t Ll agians (6.5-4a)
el dLl 2a
h -h d
o = —= %2 L2 iadians (6. 6-4b)
e2 dLZ 2a

h. The angles ag and Bo in radians, given by:

h . -h
d sl s2 .
= — —_—c 6. 5-5a
o st 0t < radi ans ( )
h  -h
d sl s2 .
8 = 55 +6,- —g— radi ans (6. 5-5b)

i . The angular distance, 8, in radians, which is sinply the

sum of ag and Bge.

S

i The width of the diffracting obstacle, D, used as a

parameter to estimate the additional attenuation due to
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the departure of the obstacle from an ideal knife-edge.
It is usually negligible conpared to the horizon

di stances d,and d,so that the total path distance

d, can be approximated by the sumof d,and d,even if
there is significant rounding of the diffracting

obst acl e.

k. The effective antenna heights, h_ and h, in
kilometers. These are estimated fromthe terrain
profiles relative to a potential reflecting surface
bet ween the antenna site and its radio horizon. For
smooth ground or water surfaces they are sinmply the
antenna hei ghts above the surface including the height
of buildings, cliffs, or isolated peaks where the
antenna mght be located. For irregular terrain, the
designer should estinmate the position of an average
reflecting surface through the terrain, and determ ne
the antenna heights relative to that surface. Note that
exact values for effective antenna heights are not
required; therefore, rough estimates are usually
sufficient. The effective antenna heights h and h,
are required in the calculation of single-obstacle
diffraction attenuation (sec. 6.5.5) in cases where the
ray paths are not isolated fromthe terrain.

6.5.4 Attenuation Over |solated Diffracting ldeal Knife Edge

(See section on "Attenuation over single-horizon diffraction
links" in ML-HDBK-417.)
6.5.4.1 The attenuation relative to free space basic

transm ssion [ oss (see section 4.2.21) for links which have a
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single obstacle as a common (or nearly conmon) horizon will be
denoted by A. It is calculated as a function of the carrier
frequency and several terrain paraneters. The obstacle may be
considered to be an ideal knife-edge if its width at the top is a
few tens of inters, or less, such as a sharp nountain ridge. For
rounded, or flat-topped ridges, an allowance can be made for the
additional attenuation introduced by rounding as a function of
D, the distance between the two radi o horizons (see section
6. 5. 6)
6.5.4.2 The attenuation A over a diffracting obstacle is given
most generally by:

A = A(v,p) - G(hy) - G(ha). (6.5-6)
The height gain fucntions G(he,2) are estimtes of the effects of
ground reflections fromthe terrain between an antenna and its
radio horizon. They should be used when nore than half of the
terrain between an antenna and its radio horizon is intersected
by a first Fresnel zone ellipse in the great circle plane
containing the propagation path which has the antenna and its
horizon as the foci, and methods for their estimation will be
given in section 6.5.5.

For the ideal knife-edge, the parameter p in (6.5-6) is
assumed to be zero. Then, the attenuation A(v,p) is only a

function of the parameter v given by:

v = 2.583 8V f d_,& .74 (6. 5-7)
where @ is in radians, the frequency f is in Miz, and al
distances are in kilometers (see section 6.5.3). This expression

hol ds strictly only for € < 109, but this value will rarely be
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exceeded in practical applications. \Wen the obstacle does not
intrude into the ray path, v is negative, but can still have an
effect on path attenuation.
6.5.4.3 The attenuation relative to free-space basic
transmission loss for an ideal knife-edge, A(v, 0), is plotted
versus v in figure 6.5-3. A useful asynptotic expression for v > 3
is:

A(v, 0) = 12.953 + 20 log v dB. (6.5-8)

6.5.5 Effects of Gound Reflections (See corresponding

par agraphs of section on "Attenuation over single-horizon
diffraction links” in M L-HDBK-417.)

6.5.5.1 As noted in paragraph 6.5.4.1, t he height gain functions
G(he,2) iN (6.5-6) should be used when nore than half of the
terrain between the antenna and its horizon is intersected by the
first Fresnel Zone ellipse. The maxinmum half-width of this

el lipse occurs mdway between the antenna and its horizon, and is
given byo0.54y\dp4,2. Here, x is the wavelength in kiloneters

It may be determined fromthe frequency, f, in Mz, and the free-

space velocity of light, 299,790 knisec; i.e.,

A= (299,790x10°)/f = 0.29979/f,, km (6.5-9)
The resulting half-width is of course also in the sane units;
i.e., km

For the purpose of applying this criterion, it is sufficient
to sketch the ellipse on the path profile such as in worksheet
4.4-1, except that the diffracting obstacle is now used as one of
the path termnals.
6.5.5.2 If not all details of the terrain profile are known, a

decision regarding the use of the &(hy,2) functions nay be nade
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Figure 6.5-3 Knife-Edge Diffraction Loss A(v, 0)
Function of the Paraneter v.
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on the basis of the differences in the heights between the
termnal antennas and the height of the diffracting obstacle. The
applicable criteria may be fornulated in the follow ng manner:

G(he) = 0 if,

(a) both the term nal antenna height above ground h, and an
estimate of the obstacle height above the terrain along the
profile between termnal 1 and the obstacle are greater than
0.5¢yAd., OF

(b) |hg = hgel >\AdLy

G(hy) =0 if,

(a) both the term nal antenna height above ground h,and an
estimate of the obstacle height above the terrain along the
profile between terminal 2 and the obstacle are greater than

0.5\/x_dz—z or

(b) |hs - hgo| > \/;—I:: .

Otherwise, G(h,) or G(h,), or both must be calculated using the
procedures shown in the next paragraph. The parametersa, dp,.,
d,, h, h, h, h, andh,in the criteria above have been
defined earlier and nust all be in kiloneters.

6.5.5.3 A graph of G(hy,2) iS shown in figure 6.5-4 as a
function of the normalized paraneter hy,> and of two other
parameters, kand b, which depend on conductivity and dielectric
constant associated with the terrain, on the polarization, and on
the carrier frequency. In order to calculate h, and h,, one nust
first determne effective radii, a,, and a, as a function of the
hori zon distances, d,and d,and the effective antenna heights

hge and hg,, Which were defined in section 6.5.3:
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a, = d,/ 2h, km (6. 5-10a)
a, = d,/2h, km (6. 5-10b)

Al paraneters including the heights nust be in kiloneters. For
hori zontal and vertical polarization over land or fresh water,
and for horizontal polarization only over sea water, the
paraneters h, and h, may be approxinmated for frequencies above

approxi mately 100 MHz by:

By =5.74 (2/a)Y/3n, (6.5-11a)
h, =5.74 (2/a,)/3n,, (6.5- 11b)

where a,,and h_,are in kilometers, and f is in MHz. Then
G(he,2) in decibels is read fromfigure 6.5-4 using the curve
marked "K < 0.001" and substituted into (6.5-6) to obtain the
diffraction attenuation A. Note that the G(h,,2) functions are
negative and that the sign must be watched when substituting in
(6.5-6); thus the |G(h,,2)| is added to the total attenuation.
6.5.5.4 The procedure described above is applicable in alnost
all cases of single-obstacle diffraction. In sone instances,
however, a communication link nmay use vertical polarization and
extend over sea water with portions of |and such as an island or
t opographic features on a peninsula formng the diffracting

obst acl e. Here the method for obtaining G (hy,2) IS sonmewhat nore
complicated since for vertical polarization the parameter kis
significantly greater than 0.001 and may approach 0.1

particularly at |ower frequencies. Thus, K and b nust be
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determned first fromthe curves shown in figures 6.5-5 and 6. 5-6,
respectively. They are shown versus frequency for horizontal
and vertical polarization, and for various conbinations of the
surface constants o (conductivity) and e (dielectric constant)
corresponding to poor, average, and good ground, and to sea water
al though for the purposes of Section 6.5 only the curves
corresponding to vertical polarization and sea water are used.
In figure 6.5-5, Kjis defined for an effective earth radius
a = 8500 km corresponding to the standard atnosphere with k=4/3
(see section 4.4.6). For use in the deternination of  hys2se K,
must be nodified by the factors C, , These are:

C., (8500/ a,) " (6.5-12a)

C, = (8500/a,)", (6.5-12h)

where a,and a,were defined in (6.5-10) and are in kiloneters.
The applicable values K,,are then determ ned by:
K, = CK, (6.5-13a)
K, = G,K. (6.5-13h)
6.5.5.5 The next step is the deternmination of the paraneters
B(K,, b) fromfigure 6.5-7 as a function of K,,and of b in
degrees. Thenh, and h, are calculated fromthe follow ng
equations, which are used instead of (6.5-11a) and (6.5-11b):
R = 2.232 B(K,b) (f¥a)” h,, (6.5-14a)
h,= 2.232 B(K,b) (f%a,)" h, (6.5-14b)
and G (hy) and G (h,) are read fromfigure 6.5-4 as before, but
using the appropriate curve for K,,and b with visual
interpolation where required. Actually, (6.5-11) is a
sinplification of (6.5-14) for those cases where K is very snall,
and not a function of b to any significant extent. In (6.5-14)

the di stances a,and a,and the effective antenna heights h,_, and
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h,must be in kilometers and the frequency f in megahertz. |If
any paranmeter values outside the given range are encountered, the
user should consult the original curves in [101] or [102]. The
G(hes2)values in decibels are then substituted in (6.5-6) as
before to determne the attenuation A over the diffracting

obst acl e.

6.5.5.6 In cases where terrain details over the entire path are
wel | known, and it is possible to identify pronounced reflecting
surfaces, four-ray geonetric optics nmethods may be applicable
whi ch nmust be nodified to allow for attenuation and phase shift
of each ray by the diffracting obstacle. Applicable nmethods and
procedures for such cases are given in an appendix to M L-HDBK-
417.

6.5.6 Attenuation Over A Rounded Knife Edge (See corresponding
par agraphs of section on "Attenuation over single-horizon
diffraction links" in ML-HDBK-417.)

6.5.6.1 If the diffracting obstacle cannot be approxi mated by an
ideal knife edge; i.e., if its width at the top is nore than
about 30 m attenuation calculations nust take into account the
roundi ng characterized by the parameter pin (6.5-6). The
attenuation relative to free space can be estinmated using the
dashed curve on figure 6.5-8 which represents an enpirica
expression for nountain obstacle diffraction |inks, derived from
avail able data by Nishikori, et al. [103]. It nay be used to
estimate A (v,p) without having to determine the curvature or
rounding of the diffracting knife edge. Note that the A(v,p)
curve in figure 6.5-8 departs fromthe solid curve for the idea

knife edge indicated by A(v,0) only for values of v greater than
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approximately 7. The solid curve is the same as shown in figure
6.5-3 for v > 1 and given by (6.5-8) for v > 3. It is repeated
here for convenience and to illustrate the effects of rounding
Note also that these effects have only been defined for v > 0;
i.e., where the obstacle protrudes into the path.
6.5.6.2 In some cases it is possible to estimate the rounding of
an isolated diffracting obstacle fromdetailed terrain profile
drawings or from map studies. The attenuation A(v,p) may then be
cal culated more precisely. First, the radius of curvature r of
the obstacle is approxi mated by:
r = D; /8, (6.5-15)

where Dis the distance between radio horizon (from detailed
terrain profiles) in kilometers, and ® is in radians. Next, a
test is made to determ ne whether the obstacle is isolated from
the surrounding terrain using the relation

kh[ 2/ (kr)] " >> 1. (6.5-16)
Here, k = 2w/, 1 is the radius of curvature of the rounded

obstacle from (6.5-15), and h is the smaller of the two val ues

(Vo)
(Voo

with all distances and the wavelength X in km [If the relation

and

in (6.5-16) does not hold for a specific path, the methods in
M L- HDBK- 417 (section on diffraction over irregular terrain)
shoul d be used. Note that the term"isolated" is used here in a

different manner than in the determ nation of Fresnel zone
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clearance for applicability of the height gain functions shown in
paragraph 6.5.5.2.
6.5.6.3 If the relation (6.5-16) holds, the rounding paraneter
p.is found by cal culating the product vp using (6.5-17) bel ow
and dividing wp by v which has been deternmined earlier (see
equation 6.5-7). The product vp W ll also be required in a
subsequent step.
vp = 1.746 @ (fr)1s. (6.5-17)

Here the radio frequency f is in Mz, the radius of curvature r
from (6.5-15) is in km and the angular distance @ is in radians
6.5.6.4 The diffraction loss a(v,p) in decibels is plotted as a
function of v for various values of o in figure 6.5-9. It may
al so be determined from

A(v,p) = A(V,0) + A(0,p) ¢ U(vp) 4B, (6.5-18)
where the function A(v,0) is the attenuation for an ideal knife-
edge (p=0) plotted in figures 6.5-3, 6.5-8 and 6.5-9, and the
functions A(0,p) and U(vp) are plotted in figure 6.5-10
Equation (6.5-18) is applicable under many conditions of
propagation over irregular terrain between good antenna sites
using either horizontal or vertical propagation. Criteria for
its validity are (a) the distances d, d, d, and r nust be nuch
| arger than the wavel ength, x, (b) the obstacle dinension at
right angles to the propagation path must be at |east the wdth
of the first Fresnel zone, (c) the conponents ao and B, (See
equation 6.5-5) of the diffraction angle @ nust each be Iess than
0.175 radians, and (d) the radius of curvature, r, nust be |arge

enough so that (sx/)ys >> 1.
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6.5.6.5 In summary, the single-obstacle diffraction

attenuation A nmay be obtained by calculating first the paraneter
v, and using figure 6.5-8 or by calculating the parameter p in
addition to v and using (6.5-18): furthernore, the residua

hei ght gain functions G hi1,2) calculated as shown in section
6.5.5 nust be included where required. Values of basic

transm ssion | oss are obtained by adding A and the nedian
atnospheric attenuation A, to the free-space loss, L,.

6.5.7 Fading and Long-term Variability

6.5.7.1 Fading on relatively short knife-edge diffraction |inks
(less than about 50 km at frequencies above 5 GHz may be assumed
to be very simlar in character to that discussed for |ine-of-
sight links in sections 4.2 and 4.4 of this handbook. It is quite
likely that multipath fading effects will predonm nate
particularly when reflections fromthe terrain on one or both
sides of the diffracting obstacle occur. Power fading due to
precipitation effects can also be treated as shown in sections
4.2.23 and 4.2.24. Diffraction fading as a result of
subrefractive conditions can be eval uated as shown in paragraph
6.5.7.3 bel ow

6.5.7.2 Long-term variability in the sense discussed in M L-HDBK-
417 is usually not of primary inportance for links that are |ess
than 50 kmin length and operate at frequencies above about 5
GHz. The variability of hourly medians in such cases shoul d not
anount to nore than the 3 dB corresponding to the "degraded”

| ong-term nedi an val ue used as a basis for system performance
estimates in the |ine-of-sight case (see section 4.5.18). For

| onger paths, and for those at |ower frequencies, the methods
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given in the sections on long-termvariability and on service
probability in M L-HDBK-417 should be used

6.5.7.3 As already noted in paragraph 6.5.2.4, the expected
transm ssion |oss variability over a knife-edge diffraction |ink
can al so be associated with the variability of the effective
earth radius a as a function of changes in the average
refractivity gradient over the path. This is particularly

appli cabl e when evaluating the effects of subrefractive
conditions where, with increasingly positive refractivity
gradients, a diffracting, obstacle intrudes more and nore into the
free-space propagation path. Applicable cumlative tine
distributions of initial refractivity gradients above the earth's
surface are given in [39] and [100] in terns of AN/Ib as well as
of the effective earth radius factor k. Sanples of such
distributions from[100] are shown in figure 6.5-11 together with
pertinent climte data. Note that these curves nust be

extrapol ated for extrene percentage val ues al though there rarely
are sufficiently conplete data to provide a good basis for
extrapol ation.

6.5.7.4 In order to apply gradient distributions such as shown
in figure 6.5-11 to a design problem diffraction transnission

| oss cal cul ations are performed using an appropriate range of
effective earth radius factor values, and then associating each
transm ssion |oss value with the percentage of tinme corresponding
to the effective earth radius factor used. This method should be
used with caution since the data in the references cited above
represent observations at discrete locations and for very short

tines only (i.e., once or twice daily). They are not necessarily
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representative of conditions occuring over a path of given
length, and all hours of the day. Boithias and Battesti [104]
give applicable estimates of the mninumeffective value of the
effective earth radius factor k as a function of path length in a
continental tenperate climate.

6.5.8 Worksheets for Diffraction Calculations And An Exanple.
6.5.8.1 Worksheets 6.5-1, 6.5-2, and 6.5-3 (on two pages) with

step-by-step procedures for knife-edge diffraction calcul ations

are included in this section. The various steps in the
calculations are referred to appropriate formulas, graphs, and
paragraphs in the text of section 6.5, or to earlier sections
or paragraphs in this handbook where appropriate

6.5.8.2 As an illustrative exanple, filled-in worksheets are

al so provided for an assuned 55 km link operating on 6 GHz using
vertical polarization. Figure 6.5-12 shows the assuned path
profile with the direct-ray path indicated for an effective earth
radius a = 8820 km corresponding to an average value of surface
refractivity WQ;: 320 N-units. The path is assumed to go from
termnal 1 on an island off-shore via an on-shore obstacle to
termnal 2 on a hilltop farther inland so that one portion of the
path is over sea water. Inspection of the path profile also
suggests that sufficient clearance between the ray path and the
terrain is available for the overland portion of the path, but

not for the sea portion. Thus, the G(h) function nust be
calculated while the @h,) function can be neglected. This is
also confirnmed by use of the criteria given in paragraph 6.5.5.2

It is also assuned that the obstacle is about 50 m (0.05 km w de
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at the top. In an actual case, this could be determ ned from

detailed nmaps or froma path survey.
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Figure 6.5-12 Flat-Earth Profile for Knife-Edge Diffraction Example Path.
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Estimate io from map

Tabulate horizon and

antenna site elevations

Is eSl

lower than h ?
s

I
s esZ

lower than hs?

Determine N
sl,2

or appropriate substitute ﬁ;

values

Take average of i;l and

and N

s2 when required

Determine effective

Tabulate total path
distance and distances

to horizon

Determine median

atmospheric absorption

Tabulate antenna
elevations above
mean sea level

Calculate horizon

Calculate
ao and BO
Calculate diffraction

angle 6

more than 0.15 km

more than 0.15 km

using h_
s

eél
es2

N

a1
Si

2

eel
o

Ve2

"

WWorksheet 6.5-1. Atmospheric and

N-units

5§53

N-units

5§85 %

Terrain Peraneters for Knife-edge Diffraction Calcul ations

6-67

N-units ﬁ_ =
5

|

from terrain profile

and site information

1 in

step 1.5 instead of hs

If yes, use es

If yes, use LI in

step 1.5 instead of hs

iz
o |
]
-
Z|
®
-
+
—
N
N

from terrain profiles

Use carrier frequency
GHz from worksheet

4.4-4, step (23)

equations 6.5-4a and

=

Ay
©.0=4D

equations 6.5-5a

and 6.5-5b
8 =a +8
o []

N_exp (-0.1057 h )
(&) ©8

fig. 6.5-1

worksheet 4.4-4
step 7 &8

par. 6.5.2.2

par. 6.5.2.2
par. 6.5.2.2
Nnara A B 2 9
rascs Ve Je beo &
fig. 6.5%2

par. 6.5.3.1
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2.1 Calculate v= v=2,5830 %Ffﬁfjg"” par. 6.5.4,
diffraction L eq. 6.5:7
parameter, v

2.2 Can rounding of If yes, continue path profile or par. 6.5.6
obstacle be If no, an appears other available
estimated of rounding, go terrain information

to step 2.12

If no, and

(D <30 m) go to
step 2.7

2.3 Estimate DS Dg= km terrain par. 6.5.3.

information

2.4 Calculate r r= km r=D,/6 eq. 6.5-15

2.5 Check isolation kh[2/(kr)]]/3=____ procedures par. 6.5.6.
of knife-edge in text

2.6 Is rounded knife- If yes, continue. If knife-edge par. 6.5.6.
edge isolated If no, use is not isolated,

procedures in diffraction ca!—
MIL-HDBK-417 culation methods are
not applicable.
2.7 Determine A(v,0) A(v,0,=__dB fig. 6.5-3, 6.5-8,
6.5-9, or eq.(6.5- 8)
for v3 par. 6.5.4,

go

(If knife-edge is clearly ideal,
2.8 Calculate vp vo=____
2.9 Calculate p p=___
2.10 Determine A(o,p) A(o,c)=___dB
and U(v,p) U(v,p)_____dB
2.11 Calculate A(v,p) A(v,p)=___dB

If rounding could A(v,0)=__
not be estimated,
A(v,0) from graph

Wor ksheet

to step 3.1)

vo= 1.7468(fr)1/3 eq. 6.5-17

par. 6.5.6
p=vp/V par. 6.5.6
fig. 6.5-10 par. 6.5.6
A(v,0)+A(0,0) par. 6.5.6
+U(v.p) eq. 6.5-18
fig. 6.5-8 par. 6.5.6

6.5-2. Diffraction Attenuation Calculations
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Determine carrier A= km A = 0.29979/fF
wave length, A Mz
Calculate XdLl ,/AdLl = km A, dLl' sz in km
and ‘“dLZ ,/)\d - Xm
12 @ —

calculate |hs - hsll Ihs - hsl| = km h, h ., h_, in km
and |hs = h,| Ih, - b ,| = km

< - - W = W = -
If both ‘/AdLl < |ng hsll and ./AaLz < [hs hszl, Gh)) =G(h) =0;

1f either one or bothﬁ%ll > |hs -

hsll and Q/)\sz > Ihs - th" continue
(subsequent calculations to determine either G(il) or G(HZ), or both
as required)

Estimate effective antenna h 1= km from terrain
heights h . and he2 as € profiles;
required h - km sec. 6.5.3.1,
e2 X
item (k)
lcul d km =d 2/221
Calculate al an a2 a1 a1 Ll el
a, = km 2
2 — 3, = 9 /gy
Is path over sea water and If no, continue
polarization vertical? If yes, go to step 3.11
Calculate Kl and E2 Fl = eq. 6.5-1la
'ﬂz - eq. 6.5-11b
Go to step 3.17
Determine Ko l(o = Use curve for sea
water and verti-
cal polarization
Determine b b= ° Use curve for sea
water and verti-
cal polarization
Calculate C . and C c. = C,, = (8500/a )1/3
ol 02 ol —m [¢2§ 1
1/3
C°2 - C02 (8500/a2)
Calculate Kl and Kz Kl = Kl = C01K0
L S K2 = 2o

Vorksheet 6.5-3. Effects of Gound Reflections and Diffraction Loss
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6.5.5.1
6.5-9

par.
eq.

steps 1.8 &3.1
par. 6.5.5.2

steps 1.2& 1.10

par. 6.5.5.2

par. 6.5.5.2

par. 6.5.5.2

par. 6.5.3.1

par. 6.5.5.3
eq. 6.5+10a
& 6.5-10b

par. 6.5.5.3

par. 6.5.5.3

step
eq. 6.5-12a
& 6.5-12b

steps 3.8 &3.10
eq. 6.5-13a
& 6.5-13b
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3.15

Determine B (Kl ,b) and

B(Kzlb)

Calculate 31 and iz

Determine G (Fl) and

G(h,)

Calculate total diffraction

attenuation Ak

Determine basic transmission

loss Lh

NOTE:

B(Kl.b)

B(Kz,b)

Nl N
L] ]

G(h))

G(h,)
&

of Las discussed in paragraph 6.5.7.3

fig. 6.5-7

eq. 6.5-14a

eq. 6.5-14b

as a function of X;
use curve marked

K <0.001 except for
vertical polariza-
tion over sea water

use appropriate terms
in eq. 6.5-6 as pre-
viously calculated

Worksheet 6.5-3 (continued)

6-70

steps 3.11 & 3.12

par. 6.5.5.5

steps 3.7 &3.8
3.14

par. 6.5.5.5

fig. 6.5-4;
par. 6.5.5.3 &
6.5.5.5.5

Vedodele

steps 2.7, 2.12
& 3.16;

par. 6.5.4.2
step 3.17 &
steps (40) &
(41) from work-
sheet 4.4-5

The calculations in these worksheets may be performed for various val ues
of the effective earth radius a in order to obtain a time distribution



1.3

1.4

1.6

1.10

1.11

1.12

1.13

\orksheet 6.5-1.

Estimate io from map 32 O N-units

Tabulate horizon and h, = _g_ﬂa;km

antenna site elevations ®s1 " l’_0_0_$:_)m
e, " 2 tl{km

Is e, more than 0.15 km

lower than h'7 Y 2

Is e.z more than 0.15 km /h,,

lower than h'?

Determine Nal,z using h'

- -

or appropriate substitute

values

Take average of N . and N
_ sl s

and st when required

Determine effective a = ‘2920)@.

earth radius, a

Mahulata total nath a = ({17-...
iasuiate Total pat a = I W Rl
distance and distances %1 - E © km
to horizon a, - 5),. O km
Determine median A. - ﬂ. é daB
atmospheric absorption
Tabulate antenna hsl - J’I km
elevations above hsz - Q-ZZ km
mean sea level
—0wovivi3
Calculate horizon eel - r;d
elevation angles 892 -g‘_i-“tad
0.000035
Calculate angles a° = rad
' . OVVL)
o and Bo Bo 2 7rad
.00
Calculate diffraction 6 = s”‘x'ad
angle 0

~ _N-units
N-units

= 320 N-units

from terrain profile

and site information

If yes, use esl in

step 1.5 instead of h.

If yes, use LI in
step 1.5 instead of hs

N. - No exp (-0.1057 h‘)

L Ny, + “32)/2

from terrain profiles

Use carrier frequency
€.0cHz from worksheet
4.4-4, step (23)
hsl = esl + hgl

hgy = €52 * gy

equations 6.5-4a and
6.5-4b

equations 6.5-5a
and 6.5-5b

0-u°+B°

M L- HDBK- 416
15 NOVEMBER 1977

fig. 6.5-1

worksheet 4.4.4
steps 7 & 8

par. 6.5.2.2

par. 6.5.2.2

par. 6.5.2.2

par. 6.5.2.2

fig. 6.5-2

worksheet

4,4-5, step 39

par. 4.2.22.2
or fig. 4.2-8

worksheet 4.4-4,
steps 7, 8, 13,
& 14

par. 6.5.3.1

par. 6.5.3.1

par. 6.5.3.1

Atmospheric and Terrain Parameters for Knife-edge Diffraction Calculations
6-71
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[N}
"

»
W

2.6

2.7

N
.
@

~
¥

2.10

2.11

Calculate diffraction
parameter, v

° rn

Calculate r

Check isolation of
knife-edge

Is rounded knife-edge
isolated?

Determine A(v,o0)

Determine A(0,p)
and U(vp)

Calculate A(v,0)

If rounding could not
be estimated, determine

A(v,0) from graph

\Wr ksheet

If yes, continue. If
no, and there appears
to be appreciable
rounding, go to step
2.12. If no, and the

nd fandmn do ~Vo==Tss
kui;e-cugc i8 Ci€ariy

ideal (D, <30m) go to
step 2.7

"
. 40 ___
D = 0.5 xm

r = lééb 3 km

1/3 s e

- (79

kh[2/ (kr)]

If yes, continue. If
no, use procedures in
MIL-KDBK-417

A(v,0) = E.O dB

A(o,p) =

U(vp) = -(.2 dB

A(v,p) = ?‘dﬂ

A(v,0) =

6.5-2.

6-72

v = 2.58360 fd;_

1 d.n/d
- LZ' ™

from path profile or
other available
terrain information

from path profile orx
other available
terrain information

r = Ds/e

use procedures in
text

If the rounded knife-
edge is not isolated,
knife-edge diffraction

calculation methods are
not applicablie.

fig. 6.5-3, 6.5-8,
6.5-9; or eq. (6.5-8)
for v 23

fig. 6.5-10

A(v,p)= A(v,0)

+ a(0,p)

+ U{vp)
fig. 6.5-8

Diffraction Attenuation Calculations

eq.
par.

par.

par.

par.

6.5.6.3



3.1

3.5

3.7

3.8

3.9

3.12

3.13

3.14

Determine carrier
wave length, A

Calculate ,/)‘dLI
ana ./Ad__
v L2

Calculate Ihs - hsll
and |hs - hszl

<
1f both /A | = |n_

- hsll and ./mL2 < Ihs

-

A =§5)0 K

VAd | =0.032 xn
V% , =d Y2 km
'hs - hsll = Y9/ kn

|hs - hs2l = —L‘:}' J km

- h,l, 6h)) =6, = o;

M L- HDBK- 416
15 NOVEMBER 1977

A = 0.20979/¢,, par. 6.5.5.1

eq. 6.5-9

Mdyy dpp i eps 1.8 & 3.1
par. 6.5.5.2

h, ho,. h o inkn steps 1.2 & 1.10

par. 6.5.5.2

par. €.5.5.2

go to step 3.18 (see paragraph 6.5.5.2 for additional discussion).

If either one or bothy/Ad ) > |, - h_ | ana VA, > |n -n

(subsequent calculations to determine either G(h.) o

as required)

Estimate effective antenna

heights h

and h°2 as
required

el

Calculate a, and a,

Is path over sea water and

polarization vertical?

Calculate Fl and iz

Go to step 3.17

Determine K°

Determine b

Calculate C‘,’:l and C°2

Calculate l.l and Kz

\Worksheet 6.5-3.

) or

If no, continue
I1f yes, go to step 3.1l

h. = ~v

1 .

4

2= N~

0
]
S
“\
~
o

ol
]
)
<
<
*
X
\

6-73

Gh,),
2

2!, continue
s par. 6.5.5.2

both

Q
"

from terrain

profiles; par. 6.5.3.1

item (k)

2
a, =4d ."/2h
117l par. 6.5.5.3

2
8= dL2 /2h02

) eq. 6.5-1Ca & b

par. 6.5.5.3
eq. 6.5-11a par. 6.5.5.3
eq. 6.5-11b

Use curve for sea fig, €.5-5
water and verti-
cal polarization Par. €.5.5.4

Use curve for sea
water and verti- fig_ 5
cal polarization par. .5.

173
C.. = (8500/a )
1 y step 3.8;

= (8500/a,)%eq. 6.5-12a & b

01

o2

=
[N
]
0
[=)
]
o
o o
Q
. o
o
[ 0N //]
.
k'ﬂ w
= oD
w
[ -2}
W
[=
(o]

Effects of Gound Reflections and Diffraction Loss



MIL-HDBK-416
15 NOVEMBER 1977

3.15 Determine B(Kl,b) and

B(X,.b)

Calculate h1 and h2

Determine G(;;) and

G(h,)

Calculate total diffraction
attenuation Ak

3.18

Determine basic transmission

loss Lb

NOTE:

B(X,,b) = ~
&~
B, = 0308
g L
b2
G(h)) = =22.¢ db

A= 33.Y% am

L = 1258 a0

fig. 6.5-7
eq. 6.5-14a
eq. 6.5-14b

as a function of K:
use curve markad

K <0.001 except for
vertical polariza-
tion over sea water

use appropriate terms
in eq. 6.5-6 as pre-
viously calculated

Ly = Lpe ¥ A v 3y

steps 3.11 & 3.12
par. 6.5.5.5

steps 3.7, 3.8,
3.14;

steps 2.7, 2.12
& 3.16;
par.6.5.4.2

step 3.17 &
step (40) & (41)
from work-
sheet 4.4-5

The calculations in these worksheets may be perfornmed for various val ues

of the effective earth radius a in order to obtain a time distribution
of L,as discussed in paragraph 6.5.7.3

Wrksheet 6.5-3 (continued)

6-74



M L- HDBK- 416
15 NOVEMBER 1977

Section 6.6 ADDI TI ONAL BLANK WORKSHEETS

6.6.1 This section includes an additional set of blank worksheets for
convenience.  They correspond to those in the text as follows:

Wr ksheet Page Nunber for
Bl ank Partially or Conpletely
_ Filled-in (for Exanple)
4.1-1 4-5 -
4.3-1 4-80 and 4-81 -
4.3-2 - 4-85
4.4-1 - 4-117
4.4.2 - 4-118
4.4-3 - 4-119
4.4-4 4-120 4-312
4.4-5 4-121 4-313
4.5-1a 4-234 -
4.5-1b 4-235 -
4.5-2 4-236 -
4.5-3 - 4-260
4.5-4 4-266 4-314
4.5-5 4-267 4-315
4.5-6 4-268 4-316
4.5-7 4-269 4-317
4.5-8 4-270 and 4-271 4-318 and 4-319
4.5-9 4-272 -
4.5-10 4-273 4- 320
4.5-11 4-274 4-321
6.5-1 6-67 6-71
6.5-2 6- 68 6-72
6.5-3 6-69 and 6-70 6-73 and 6-74

6-75
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Current and future channel

requirements for traffic

fromsite to site
Equi val ent Nunmber of
Number Baseband voi ce chan- equi val ent
Type of of per nels per infor- |voice Baseband
Channel Channel s | Channel | Quality | mation channel | channels [Spectrum
Voi ce
(Tel ephone)
Voi ce
(Facsinile)
Voi ce

(Low Speed Dat a)

Voi ce
(Medi um Speed Data)

Digital Data

(Hi gh Speed)

Vi deo

Total s
Li nk channel requirenents
rounded to the next higher
nomi nal val ue'
Transnmitter RF bandw dth®
(Future Expansion)

Voi ce

( Tel ephone)

Voi ce

(Facsinile)

Voi ce

(1 ow Speed Data)

Voi ce
(Medi um Speed Data)

Digital Data
{Hi gh Speed)
Vi deo

*Nomi nal val ues are 24, 60,

‘Estimate using figure 4.1-1.

Wor ksheet 4. 1-1 For mat

for

120, 300, 600, 960,

Recor di ng Channel

6- 76

and 1800.

Requi rements for

FDM FM Syst ens.
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Site Nane and Nunber
Latitude Longi tude (Degrees, Mn, See)

Map reference (nost detailed topographic)

Nearest town (postoffice)

Access route: (all Year?)

Property owner; |ocal contact:

Site sketch Site photograph General description
Ref erence baseline By Polaris Q her
Ant enna No. True bearing
G ound elev. ML Takeof f angl e (beam centerline

Takeof f angles to 45° right and left of centerline
(Significant changes in horizon)

Critical Points: (include horizon)

Di stance Map el ev. Survey el ev.
Tree hei ght Requi red cl earance
Descri ption:

Hori zon sketch Hori zon phot ograph

Power availability:

a. Nearest transmission |line b. Voltage

c. Frequency d. Phase e. Qperating utility
Drinking water source Estimated depth to groundwater
Sewage di sposal Type and depth of soil on and near site
Near est airport railroad hi ghway

navi gabl e river

Wrksheet 4. 3-1  Checklist for Site Survey (page 1 of 2)
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Local communications facilities: telephone tel egraph radi o

Nearby radio transmtters relay stations

G her interference sources

Local transportation facilities: airlines

truck bus

\Wrehouse and storage facilities

railroads

Local suppliers (hardware, |unbers concrete, etc.)

Local contractors
Fuel sources (oil, gas, propane)
Local housing accommopdations: tenporary

Local mlitary or civil contact

per manent

Met eor ol ogi cal data from | ocal sources: (averages for each nonth)

Maxi mum  mini num tenperature (daily)

Precipitation (Also extreme 1- and 24-hour)

Snow depth (Al'so maxi mum for period of record)

Prevailing wind direction and speed__

Extreme wind gust and direction

Dewpoint or relative humdity (mean diurnal

VWorksheet 4. 3-1 Checklist for Site Survey

6- 78
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DATE: OBSERVER:

SI TE NAME and NUMBER:

LOCATI ON: Section Town Range
County State Country

REFERENCE MAPS:

DESCRI PTI ON:

ACCESS ROUTE:

SI TE LOCATION SKETCH (not necessarily to scale)

Worksheet 4.3-2 Site Informati on Worksheet Bl ank
6-79
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Height above m. 8.1, (m)

Site Identification

From » to »

(Name) (Abbrev.) (Name) (Abbrev.)

10 20 30 40 50

Distance (km)

Notes:

Wrksheet 4.4-1 Link Design Profile

6- 80
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Cal culate h, the displacement of the curved earth radio path fromthe
flat earth path (section 4.2. 15).

dd

h —5=g; Where hisinmand dand d,in km Cal culate the dis-

tance fromthe center line of the radio beamwhich will provide O 6 of
first Fresnel zone clearance, 0.6 R (section 4.2.17).

d d
1 12
0.6 R, =(0.6) (17.3) f—
1 fGHz dl+d2
For k = and f = GHz,
d, d h 0.6R,
(km (km d.d, (m d,d, (m

Worksheet 4.4-2  Link Design Cearance Calculations
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A Distance on Profile km
Gound Elevation m above ms.|.
Tree or CObstacle Height m above ground.
Total Qbstruction Height m above ms.|.
For an assumed upper antenna hei ght of m clearance of
mis realized for “k” = This provides
(worst case)”
of Fresnel Zone clearance for this “k” val ue.
(fraction) (order)
B. Distance on Profile km
Gound Elevation m above ms.|.
Tree or (ostacle Height m above ground.
Total Obstruction Height m above ms.|.
For an assumed upper antenna height of m clearance of
mis realized for “k" = This provides

(worst case)”

of Fresnel Zone clearance for this “k” val ue.
(fraction) (order)

C. Distance on Profile km

G ound Elevation m above ms. |

Tree or CObstacle Height m above ground.

Total Cbstruction Height m above ms.!

For an assuned upper antenna hei ght of m clearance of
mis realized for “k” = This provides

(worst case)”
of Fresnel Zone clearance for this “k” val ue.
(fraction) (order)

Worksheet 4.4-3 Link Design C earance Check

6- 82



site Identification

(1) . (2) '
(Name) (Abbreviation) (Name) (Abbreviation)
Site Location and Physical Parameters
(3) Latitude (4) Latitude
(5) Longitude (6) Longitude
(7 Altitude above mean sea (8) Altitude above mean sea
level m. level m.
(9) UTM Coord. (10) UTM Coord.
(11) Azimuth to (2), (12) Azimuth to (1),
- True I True
(13) Proposed upper antenna (14) Proposed upper antenna
height above (7), m. height above (8), m.
(15) Proposed vertical diversity (16) Proposed vertical diversity
antenna separation from (13), antenna separation from (14),
m. m.
(17) Proposed antenna type, (18) Proposed antenna type,
(19) size ft, _ m (20) size ft, m
(21) Expected antenna gain (22) Expected antenna gain
dB above isotropic dB above isotropic
(23) Design center carrier (24) Receiver noise threshold

frequency GHz.

\Worksheet 4.4-4.

-174 + 10 log B/ + F

.__dBm.

Link Design Summary, Part 1

6- 83
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sec. 4.4.3
sec. 4.4.3
sec. 4.4.3
sec. 4.2.14.
sec. 4.2.16

Worksheet 4.4-1

sec. 4.4.24
fig. 4.4-33
fig. 4.4-30

paf. 4.4.2.2
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(295)

(27)

(29)

{(31)

(33)

(35)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Required waveguide length, (26) Required wavequide length, wWorksheet 4.4-1
(for tower
_m m. heights)
Proposed wavegquide type (28) Proposed waveguide type sec. 4.4.40
Waveguide loss per standard (30) Waveguide loss per standard fig. 4.4-43
length dB per m length dB per m
Waveguide loss AUL dB (32) Waveguide loss Ad db fig. 4.4-43
(including connectors) (including connectors)
Circulator and/or Diplexer (34) Circulator and/or Diplexer par, 4.4.43.1
Losses A Losses A
c c
Transmit dB Receive dB
Isolator Losses A: (36) Isolator Losses A:
Transmit dB Receive
Net fixed losses, (31) + (32) + (33) + (34) + (35) + (36),
dB.
Proposed transmitter power watts, dBm. sec. 4.4.44
Path length km. worksheet 4.4-1
Free space basic transmission loss, L, ., dB. fig. 4.2-7 or
bf' ——r
(4.2-1)

Atmospheric absorption, Aa' dB. fig. 4.2-8 and

- sec. 4.2.22
Net loss, (37) + (40) + (41), dB.
Net gain (21) + (22) + (38) (dBm) dBm.
Expected median receiver input power, Pr' (43) - (42) dBm.
Order of diversity used
Type of diversity combiner used
Rain rate zone . fig. 4.2-11 or

4.2-13

VWrksheet 4.4-5. Link Design Sunmary, Part 2
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Antenna
Ident. No.

Site

Path

T adeadloa o
roinung

Azimuth
from
True
North

Height
above

Ground (m)

Frequency
(GHz)

Polari-
zation
(V or H)

Type

Diameter
(£1)

Antenna
Gain (dBi)

Becamwidth

corces)
U gav oy

——

IFunction
(Rx or Tx)

T



K- 416
1

‘ON

yied

Tower Ba,se Elevauon
gbove m 5. 1 (
T‘ower Helght {mj
T
Distan {km)
F:eq acy, (CHz)
e Space 8ie
Transmissn ss(dB)
Feegs,

Co

g es¢ ntenaa or
Re[leczc.r Heighz
2boy, Cround {m;
Aqteizna Cain. dB
above lso “Opie
[~

Ne, Pagy,

6-87

ry
er Summa

h Parameter
Pat

(s}

4.5-
Worksheet



Link

Thermal Noise
Equip Intermod
Feeder Echo

Estimated
Total Noise

Allocated
Noise

Total Noise
Allocated
PW

M L- HDBK- 416
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Worksheet 4.5-3 First Cut FM-FDM System/Hop Noise Allocation

6- 88



.10

.11

.12

.13

.14

.15

.16

.17

.18

Number of equivalent voice

channels, n
Voice channel bandwidth, bc

Maximum modulating

frequency, fm

Baseband bandwidth, Bb

RMS load factor, LF

Numerical RMS load factor 2f
Peak factor, PF

Numerical peak factor, pf

RMS per channel deviation, §f
RMS carrier deviation, 6F

Peak carrier deviation, AF

Receiver IF bandwidth, BIF

Receiver noise figure, F
Receiver noise threshold
FM improvement threshold

Pre-emphasis improvement, I_
P

Median diversity

improvement, Id

Radio set NPR

3100

f.

(%]

73

_4.73

\Wrksheet 4.5-4. Basic Paraneters

Hz

kHz

kHz

dBmO

kHz

kHz

kHz

dBm

dB

for Median Noise

6- 89

(Usable bandwidth)

Bb = fm - fl' where fg

is the lowest frequency
in baseband

-10 + 10 log n

antilog(LF/20)

antilog(PF/20)

S§F = (Lf) (8f)

AF = (pf) (2£) (Sf)

BIF = 2(AF + fm)

-174 + 10 1log BIF(Hz) + F

-174 + 10 log B
+ F + 10

IF(HZ)

Cal cul ations

M L- HDBK- 416
15 NOVEMBER 1977

sec. 4.1.3

table 4.5%2
(upper baseband
limit)

table 4.5-2

step 4.1;
par. 4.5.27.2

step 4.5

par. 4.5.27.2

step 4.7

par. 4.5.,16.4
& table 4.5-2

steps 4.6 & 4.9

steps 4.6, 4.8,
& 4.9

steps 4.3 & 4.11,
also table 4.5-2

par. 4.5.16.4 &
4.4.45.13

steps 4.12, 4.13
or par. 4.5.27.2

par. 4.5.27.2

canr
STl .

par. 4.5.34.1
worksheet 4.4

step (46)
par. 4.5,20.3

=5

.
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s.1 Transmisgion line or wave- work
ork

guide length, transmitter m

Type of transmission line
or waveguide

5.2 Percent velocity of propa- L34 fig. 4.5-18
gation
-2
5.3 Velocity of propagation, v M/gec v = (3 x 10%) (v x 107%) par. 4.5.21.4
5.4 Echo delay time, sec T = 2L/v par. 4.5.21.4
5.5 Radian delay ___rad Mt par. 4.5.21.4
= _ 1 [ 4 L] I
5.6 Parameter A A= GF/fm par. 4.2.41.4
5.7 S/D-Y dB fig. 4.5-19
par. 4.5.21.4
5.8 Transmit system par. 4.5.21.5
Antenna return loss RL dB
ANT from application
|
RF interface return standards or'
loss ) as manufacturer's
RFI
specifications
5.9 Echo amplitude, r daB r= RLM + RLR!'I + ZAtS'. par. 4.5.21.5
step 5.8 &step (31)
worksheet 4.4-5
5.10 Transmit signal-to-distor- par. 4.5.21.8
tion ratio, S/D aB s/D= (S/D-FX) +r ean € 7T £ E QO
_— steps 5.7 & 5.9
5.11 Transmit signal-to-feeder B par. 4.5.21.8
echo noise, S/N. 4aB S/Nf = S/D + 10 log g~ - LF
c
90 - S/Ng
5.12 Transmit feeder echo noise, pe0 K. = antilog ——5—— p3r. 4.5.21.8

Nf(ttans.)

Worksheet 4.5-5. Transmitter Feeder Echo Noise Calculation
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&

.10

.11

.12

Transmission line or wave-
guide length, receiver

Type of line or waveguide

Percent velocity of
propagation

Velocity of propagation, v

Echo delay time, T

Radian delay

Parameter A

s/D~r

Receive system

Antenna return loss RL

RF interface return

loss RL

Echo amplitude, r

Receive signal-to-distortion

ratigs, /D
ratiec, S/D

Receive signal-to-feeder
echo noise, S/Nf

Receive feeder echo noise,

Nf(receive)

\rksheet 4.5-6

L34

m/gec

sec

rad

dB

daB

— __pwO

v = (3 x 108) (sv x 10-2)
T = 2L/v
2nf T

m

= F Y3
A = OF/I
4 m

S/D= (S§/D-1r) +r

Bp
S/N, = S/D + 10 log — - LF

b
c

90 - S/Ng

N_ = antilog 1o

£

6-91
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worksheet 4.4-4
sec. 4.5.19

fig. 4.5-18

par. 4.5.21.4
par. 4.5-21.4

par. 4.5.21.4

VA
4

o
a
o
S
(VL]
N
’_-I

par. 4.5.21.5
from application
standards or
manufacturer's
specifications

par. 4.5.21.5
step 6.8 & step(32)
vorksheet 4.4-5

pir. 4.5.21.8
s~eps 6.7 & 6.9

par. 4.5.21.8

par. 4.5.21.8

Recei ver Feeder Echo Noise Calculation
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7.1 :‘;::i f:edez echo ___ pwo Ne = Nf(‘trans) + Nf(receive) steps 5.12
Tt & 6.12
By
7.2 Signal/equipment intermod- dB S/Ne = NPR + 10 log 5 - LF steps 4.2, 4.4
ulation, S/N c LS .
e 4.5, 4.18 &
90 - S/N sec. 4.5.20
7.2 Equinment intermodulation nW0 N = antiloa P
-3 Equipment intermedulation Pt N T
noise, N
e
7.4 Calculate 20 1 d—f dB
. atlculate °9 ¥ steps 4.3, 4.9
m | S L. £ a9
& PAT. 4.0.2/7.4
. dBm -139.1 + F
7.5 Calculate 10 log l('I'bc + F step 4.13 &
par. 4.5.27.2
7.6 Signal-to-thermal noise dB S/N_ - P_ = -10 log KTb_ ~
—_ t
ratio minus received * € steps 7.4 & 7.5
signal level, S/N, - P_ F+ 20 log (8£/f) & par. 4.5.27.2
7.7 Draw quieting curve on par. 4.5.27.3
worksheet 4.5-1C T T
7.8 P _(0.5) = (P_ - 3 dB) dBm
r r —_— par. 4.5.18.1 &
7.9 Median signal-to-thermal dB (S/Nt - Pr) + Pr(O.S) worksheet 4.4=
noise ratio, S/N _(0.5) steps 7.6 & 7.8
7.10 ??éag)tbeml noise, pwo NC(O.S) - step 7.9
t 90 - /N, (0.5)
antilog ——-lT-——
7.11 Emphasis-improved signal-to- ds S/Nte('O.S) = S/'Nt('O.S) + ip steps 7.9 &4.16
thermal noise ratio,
s/Nte(o.s)
A =2.11
7.12 Emphasis-improved thermal pHO N _(0.5) = step-/°*+*
noise, Nt (0.5)
€ 90 - S/N_(0.5)
antilog —'-—-i'o——
7.13 Total median noise, NT(O.S) pwWO NT(O'S) = Nce(O.S) + qteps 7.12, 7.1
¥ 7.3
Nf + Ne

te: Median values are denoted by (0.5).

Vorksheet 4.5-7. Calculate Median Total Noise Performnce
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Fade margin, Mf

Percent time M_ is
exceeded, P
mf

Divide Mg by path length d
or 10, whichever is less

Percent time fade margin
is exceeded due to rain

attenuation, P
mfr

Total percent time fade
margin is exceeded, met

Received signal level at

FM threshold, prTH

Thermal signal-to-noise
ratio at threshold,
S/N

+m™

in

Emphasis-improved,
S/NtTH(E)

Emphasis-improved thermal
noise at threshold,
NtTH(E)

Total path-independent
non-linear noise, Nim

Total emphasis-~improved
noise at FM thresghold,

NTTH(E)

Is total noise Ny (E)
<1,000,000 pWO and
percent time met less
than 5 x 10™42

\Wrksheet 4.5-8.

dB/km

dBm

pwo

pwWO

—_pWO

P,(0.5)-FM Imp. Thresh., or
P, (0.5)~-30 + (S/N, - Pr)'
whichever is smaller

P = 6x10_sa xbx fx d3

mf
xlo-(Mf/lO)

Enter value from step 8.3

as ordinate on graph of
fig. 4.2-12 for the
appropriate rain zone and

read % time value of

bl ann £
aus3Cissa 10r Carriier

frequency, f

P = P

mft mf +PF

mfr

Pr(O.S) - Mf

(S/Nt - Pr) + PrTH

+
S/NtTH Ip

90 - S/NtTH (E)

anilog 10

(E)

(yes or no)

Cal cul ate Short-Term Noise Perfornance
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steps 4.15, 7.8,
& 7.9

par. 4.2.24.2

worksheet 4.4-4
step (23)
worksheet 4.4-5,
step (47)

fig. 4.2-12

par. 4.5.32.3
steps 8.2 & 8.4

steps 7.8 & 8.1

steps 7.6 & 8.6

step 8.7 & 4.16

step 8.8

steps 7.1 &

steps 8.9

steps 8.5 &
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8.13 If "yes", and diversity was not selected previously, link design is completed
If "no", or diversity has already been selected, continue.
If "no", and diversity was not selected previously, re-do
steps 4.17, 4.18, and 7.2 through 8.12; then continue.
8.14 Plot line for non-diversity
fade margin versus % of par. 4.5.34.1
time on worksheet 4.5-11 steps 8.1 & 8.5
8.15 Read diversity improvement at fig 4.5=-21
- - 2 AL . .
percentage Ppfy and other =
desired percentage values for worksheet 4.4-4
type of combiner used Is ( %) step (46); step 8.5
8.16 Decrease fade margin values at steps .14 & 8.15
Pnft and other desired per-
centage values by the appropri- par. 4.5.34.1
ate I4 values 4B M_ - I.¢( %)
£ 4'—
8.17 Plot line for diversity-improved
fade margin versus % of time on step 8.16
worksheet 4.5-11 par. 4.5.34.,1
8.18 Diversity and emphasis improved
thermal signal-to-noise ratio
S/N¢ (E,D) at Ppgy percent- dB S/N + I +I.( %)
age of time tTH © p P — steps 8.8 & 8.15
8.19 Diversity and emphasis improved e 0 10
thermal noise N (E,D) at Ppge, 90 - S/Nt(E,D) step o.lo
percentage of time pwo antilog 10
8.20 Estxmate? total per?ent ?f gead abscissa for élv?FSLtyjnrnf‘c Q1 ¢ 8 17
outage time after diversity improved fade margin line op~+¥F¥ Yei W Uedys
and emphasis improvement worksheet 4.5-11 where it
intersects the ordinate
value for Mf
8.21 Total noise N,L(E,D) at P
T 5 mft
percentage of time puo Nt(E,D) + N steps 8.10 & 8.19
8.22 1Is total noise =1,000,000 (yes or no) ) If answers are no,
pwo adjust parameters
and recalculate
8.23 1Is total outage time noise performance
5 x 107%% (yes or no)
8.24 If total noise cannot be Calculate ratio of total step 8.1

reduced to =1,000,000 pWwo,
estimate percentage of
time during which
1,000,000 pWO is exceeded

\orksheet 4.5-8. Calculate

noise to 1,000,000 pwoO,
converted to dB, subtract
from Mf, and read on the
diversity improved line of
worksheet 4.5-11 the per-
centage value correspond~

ing to this ordinate

Short-Term Noise Performance (continued)

6-94
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dB, FLAT

VOICE CHANNEL SIGNAL-TO-NOISE RATIO, S/N,
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Worksheet 4.5-10, Graph for System Quieting Curve
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1.1 Estimate io from map N-units fig. 6.5-1
h = kam
1.2 Tabulate horizon and s from terrain profile worlsheet &4.4-4
antenna site elevations e.l = o and site information steps 7&8
&2 " Jam
1.3 1Is e, more than 0.15 km I1f yes, use e, in par. 6.5.2.2
lower than hs7 step 1.5 instead of hs
1.4 1Is e, more than 0.15 km If yes, use e_, in par. 6.5.2.2
lower than h.? step 1.5 instead of hs
1.5 Determine “51,2 using vhs Eul = N-units N, = N_ exp (-0.1057 hs) par. 6.5.2.2
or appropriate substitute st = N-units
values
i.6 Take average of N_. and o= N-units N_= (8, + N__}/2 par. 6.5.2.2
- sl 8 —_— s sl 82 par. el
and N__ when required
82 =
1.7 Determine effective a = km fig. 6.5-2
aarth radine a
earth radius, a
1.8 Tabulate total path a = km onrksheet 4.4-5
distance and distances dLl = km I from terrain profiles ] step 35
to horizon a._. = km
L2
1.9 Determine median A= dB Use carrier frequency par. 4.2.22.2
atmospheric absorption ____GHz from worksheet or fig. 4.2-8
4.4-4, step (23)
1.10 Tabulate antenna h,, = km hyy = e * hgp worksheet 4.4-4
elevations above hp = hg2 = %52 * Ng2 steps 7, 8, 13,
maan sas laval [ 4 12
msan ssa level a 14
1.11 calculate horizon 81 = rad equations 6.5-4a and par. 6.5.3.1
elevation angles 602 = = rad 6.5-4b
1.12 calculate angles a, = rad equations 6.5-5a par. 6.5.3.1
o and B B = rad and 6.5-5b
(-} (-} o —_—
1.13 Calculate diffraction o = rad 8 =a +8 par. 6.5.3.1
angle 6

\Wrksheet 6.5-1. Atmospheric and Terrain Parameters for Knife-edge Diffraction Calculations
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~
o

Calculate diffraction
parameter, v

Can rounding of the
obstacle be estimated?

Estimate Ds

Calculate r

Check isolation of
knife-edge

Is rounded knife-edge
isolated?

Determine A(v,0)

(If knife-edge is clearly ideal, go to step 3.1).

a wn
e VP

Calculate p

Determine A(0,p)
and U(vp)

Calculate A(v,p)

If rounding could not
be estimated, determine

P 1
from grapn

\Wrksheet 6.5-2.

If yes, continue. If
no, and there appears
to be appreciable
rounding, go to step
2.12. If no, and the
knife-edge is clearly
ideal (Ds <30m) go to
step 2.7

D = km
8

r= km
kh[2/(kr)ll/3 -

I1f yes, continue. If
no, use procedures in
MIL-HDBK-417

A(v,0) = dB

“wn =
Ve =

p =
aA(0,p) = dB

U(vp) = dB
A(v,p) = dB

A(v,0) = daB

6-99

v = 2,5830,/fa .4 _/4

L1 L2

from path profile or
other available
terrain information

from path profile or
other available
terrain information

r= DB/O

use procedures in
text

If the rounded knife-
edge is not isolated,

knife-edge diffraction
calculation methods are

not applicable.

fig. 6.5-3, 6.5-8,
6.5-9; or eq. (6.5-8)

for v 213
icr v =2

fig. 6.5-10

A(v,p)= A(v,0)
+ A(0,p)
+ U(vp)

fig. 6.5-8

Diffraction Attenuation Calculations

M L- HDBK- 416
15 NOVEMBER 1977

par. 6.5.3.1

par. 6.5.6.2

par. 6.5.4.3
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3.1 Determine carrier A= km A = 0.29979/f par. 6.5.5.1
wave length, A MHz eq. 6.5-9

3.2 calculate /Ad | Vi, - km X, 4, d,inxn steps 1.8 &3.1
and /A4, mnz . m par. 6.5.5.2

3.3 Ccalculate |h_ - hsl| |hs - hul - km h, b ), hy, in km steps61;25&21.10;

_ _ . par. 6.5.5.

and |h hszl |h’ | km

3.4 1If both ,/del s|ng - hsll and ,/xam < |n, - hszl, G(h)) = G(hy) = 0; par. 6.5.5.2

go to step 3.18 (see paragraph 6.5.5.2 for additional discussion).

3.5 If either one or both/Ad > |h - h_ | ana J/Ad , > |n

(subsequent calculations to determine either G(il) or G(.ﬁz), or both
as required)

s th" continue par. 6.5.5.2

3.6 Estimate effective antenna h, = km from terrain par. 6.5.3.1
heights hel and he2 as profiles;
required h.2 - km sec. 6.5.3.1,
item (k)
2
3.7 calculate a, and a, a, = km a, =d,"/2h,, par. 6.5.5.3
ay=__ _km a2 eq. 6.5-10a & b
2 2, =4y /e
3.8 1Is path over sea water and If no, continue par. 6.5.5.3
polarization vertical? If yes, go to step 3.11
3.9 calculate El and Ez -ﬁl - eq. 6.5-1la par. 6.5.5.3
Hz - eq. 6.5-11b

3.10 Go to step 3.17
3.11 Dpetermine K K = Use curve for sea fig. 6.5-5
water and verti-

cal polarization par. 6.5.5.4

3.12 Determine b b= ° Use curve for sea fig,6 € .5-6;
water and verti-
cal polarization par. €.5.5.4
1/3
3.13 calculate C_, and C_, c, " Coy = (8500/a,) step 3.8;
o . 1/3 eq. 6.5-12a & b
c,; " Cop = (8500/a))
3.14 calculate K| and K, K, = K, = Cp1Kg steps 3.8 & 3.10
K =c K eq. 6.5-13a & b
L S 2 = %2%

WWrksheet 6.5-3. Effects of Ground Reflectiomand Diffraction Loss
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.15

.16

.17

.18

.19

Determine B(K, ,b) and
1

B(Kz,b)

Calculate h1 and h2

Determine G(Fl) and

G(h,)

Calculate total diffraction

attenuation Ak

Determine basic transmission

loss Lb

NOTE :

eIIeCctlive earin ragius a in o

B(K, ,b)

B(Kz,b)

=
Is;
]

|
]

N

G(hl)

dB

&

G(h,)
4

The calculations in these worksheets may be p
of the effective sarth radius a2 in o T

of Lb as discussed in paragraph 6.5.7.

A
Gi

w O

Vrksheet 6.5-3 (cont

6- 101

fig. 6.5-7
eq. 6.5-14a
eq. 6.5-14b

as a function of K;
use curve marked

K 50:001 except for
vertical polariza-
tion over sea water

use appropriate terms
in eq. 6.5-6 as pre-
viously calculated

by = Lye Byt A

M L- HDBK- 416
15 NOVEMBER 1977

steps 3.7. 3.8,
3.14
par. 6.5.5.5
fig. 6.5-4;
nar., 6.5.5.5
& 6.5.5.5

steps 2.7, 2.12,
& 3.16

par. 6.5.4.2
step 3.17 &
steps (40) &
(41) from
worksheét 4,45

erformed for various values

- PR

btain a time dist

nued)

ribution
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TERM

ABSORPTI ON
At nospheri ¢

ACTI VE REPEATERS

ADJACENT CHANNEL | NFERENCE
AERI AL PHOTOGRAPHY

AERI' AL RADAR SURVEYS

AR CONDI TI ONI NG

ALARMS, FAULT

ALTI METERS

ALTI METER SURVEYS

AVPLI FI ERS
M crowave
Preanplifiers
Travel ing Vave
RF

ANTENNA
Bandwi dt h
Beamwi dt h
Carriage
Di nensi ons
Directivity
Gin
VSWR
Mount
Pattern
Peri scope
Pl acenent

ATMOSPHERI C ABSORPTI ON
ATMOSPHERI C LAYER PENETRATI ON

CHAPTER 7
[ NDEX OF KEY TERMS

7-1

M L- HDBK- 416
15 NOVEMBER 1977

PARAGRAPH NO.

4.2.22
4.4.46
4.5.11
4.3.16
4.3.15

5.5

5.7

6.2
4.3.13,6.2

4,44
4,45
4.44
LA4.44, 4.4, 45

29
29
29

29
29
29
29
30
29
.38
5.1.2.3,5.8

PRARARROARE BAARA
e et at et atabat ot

4.2.22
4.2.11
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TERM PARAGRAPH NO.
ATTENUATI ON
At mospheric 4.2.22
Free Space 4.2.21
Precipitation 4,2.23,4.2.24,4.5.32
Rai n 4,2.23,4.2.24,4.5.32
Transm ssion Line 4.4. 40
VWavegui de 4.4.40
AZ| M\UTH FROM POLARI S 6.1
BANDW DTH 4.1.3
BAROVETERS 6.2
BASEBAND 3.1,4.1.3
BASI C TRANSM SSI ON LOSS 4.2.21
BLOCK DI AGRAMVB 4.5.3
BU LDI NGS 5.1.5,5.2
CABLE 5.2.2.4 to 5.2.2.6
CALI BRATI ON 6.4.10
CLEARANCE
Pat h 4,2.17
Terrain 4,3.12
CLI MATOLOG CAL DATA 4,2.31,4.3.3.3,4.3.22.3
COAXI AL CABLES 4.4.41
CO CHANNEL | NTERFERENCE 4.5.9
COVBI NERS 4.4.25
COVPATI BI LI TY, FREQUENCY 4.5.4
CONSTRUCTI ON LI M TATION 4.1.7
COSM C AND SOLAR NO SE 4.4.26.6
COUPLI NGS, UNWANTED 4.5.8
CULM NATI ON 6.1.1.2
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TERM

DECLI NATI ON
DECOUPLI NG, ANTENNA
DI FFRACTI ON, FADI NG
DI FFRACTI ON PATH

DI FFRACTCRS

DI RECTI VI TY

DI SCRI M NATORS

DI VERSI TY

DI VERSI TY | MPROVENENT
DI VERSI TY RECEPTI ON

DUCTS, ATMOSPHERI C
DUCTS AND LAYERS
EARTH BULGE
EARTH S RADI US
EARTH RADIUS FACTOR
ECONOM C RESTRAI NT
EFFECTI VE RADI ATED POAER
EIP - ENG NEER NG | MPLEMENTATI ON PLAN
ELECTROMAGNETI C COVPATI BI LI TY ( EMC)
ECAC (EMC Analysis Center)
Hazar ds
Noi se
Survey
EQUI PMENT
Communi cation System
M crowave Separating and Conbining Elenents

Ant ennas
Layout

7-3
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PARAGRAPH NO

6.
4
4
4
4,
4
4
4

4.

4.

>~ b

B

AR BR BRROIRO

1.1.4

.4.13
.4.12
.4.39

4.39

.4.29.8
.4.45.8
.4.22,4.5.34

5.34.1

4.22,4.4.23,4.4.24
4.5.34

.4.14,4.4.18
.4.14,4. 4.9
4.2
.2.15,4.4.6.2
.4.6.2
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TERM PARAGRAPH NO.
Passive Repeaters 4.4.31
Transmi ssion Lines 4.4.40
Transmitters 4.4.44
Recei vers 4.4.45
Active Repeaters 4.4.46
Field Survey 4.3
Path Loss Testing 6.4
EQUI PVENT  PARAVETERS 5.17,4.5.19
FADE MARG N 5.18.3
FADING, K- TYPE 4,17
FADING L.OS. 4.8 to 4.4.18
FADI NG MECHANI SMB .8 to 4.4.18

FADI NG~ MULTI PATH
FADING POAER

.4.9,4.4.10,4.4.14
4.11 to 404.14

FADING ~ PRECI PI TATI ON .2.23,4.4.15,4.5.32

N T i T
DS

FADI NG RANGE ESTI MATES .2.27,4.4.21
FADING SURFACE DUCT 4.4.18
FEASI BI LI TY 4.1.14
FEEDER ECHO 4.5.16,4.5.21
FIELD SUPPLIES 4.3.4
FIELD SURVEY 4.3

Equi pnent 4.3.4

Pl anni ng 4.3.2

(bj ectives 4.3.3
FI LTERS 4.4.43
FLAT REFLECTORS 4.4.32 to 4.4.36
FOG 4.2.26.6,4.2.31.8
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TERM

FREQUENCY

Sel ection

Conpatibility

Al | ocati on

Assi gnnent

Regul ati ons
FREQUENCY, CHO CE OF
FREQUENCY DI VERSI TY
FREQUENCY REQUI REMENTS
FRESNEL ZONES
FRESNEL ZONE RADI US
FRONT- TO- BACK RATI O
FUNCTI ONAL  REQUI REMENTS
FUTURE SYSTEM EXPANSI ON
GAI'N, ANTENNA
GEOLOG CAL DATA
GRADI ENTS, REFRACTI VE | NDEX
GREAT CI RCLE
GROUNDI NG

Electrical /El ectronic

Li ghtning
HOP
HORN ANTENNA
HOUR ANGLE
| F REPEATER
| MPEDANCE

| NSTALLATI ON' PLANS

-5
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PARAGRAPH NO.

4.1.3,4.1.10,4.3.7
4.2.18
. 2.18

R ~

.4.29. 16
1.2
.1.2.3

. 4.29.4
.3.3.3

N N

.2.25,4.4.6
.2.16

N

.1.5.13,5.2.2.8
4.3

.95.14,4.5.16
4.4.29.1

A~ oo

6.1.1.1
4.4.46
4.4.29.11
5.1,5.2
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TERM PARAGRAPH NO.
| NTERFERENCE 4.2.33,4.4.26,4.4.27
4.5.9,4.5.13
Types of 4.5.9
Co- channel 4.5.10
Adj acent Channel 4.5.11
Direct Adjacent Channel 4.5.12
| NTERMODULATI ON  NOI SE - CALCULATI ON 4.5.20,4.5.21
| ONI ZATI ON  HAZARD 5.1.2.4,5.8
| SOTROPI C  ANTENNA 4.4.29.3
KNI FE- EDGE DI FFRACTI ON 4.4.39
K- TYPE FADI NG 4.4.17
LAYOUT, EQUI PMENT 4.5.2,4.5.3
LI NK DESI GN 4.4
LOCAL MEAN TI ME 6.1.3
LONG LI NE- OF- SI GHT PATHS 4.2.29
LOS PROPAGATI ON 4.4.5
MAPS 4.2.4, 4.3.2.1, 4.4.3
MAP SCALE 4.2.14
MARKERS,  PERMANENT 4.3.11.1
MEASUREMENTS, PATH LGOSS 4.3.11.17, 4.3.20
MECHANI SMS,  FADI NG 4.4.8
METEOROLOG CAL DATA 4.2.31, 4.3.3.3
M XER 4.4.45.4
MODULATI ON 4.4.44.3
MULTI PATH 4.2.26,4.2.27,4.4.8
4.4.9, 4.4.10
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TERM

NO SE
Additive
At mospheric
Gal actic
Time Invariant
Long-term Median Ther mal
Man- made
Sol ar
Ther mal
Equi prent I nternodul ation

NO SE  ALLOWANCE
NO SE FI GURE
NO SE PERFORMANCE ESTI MATES

NO SE PERFORVANCE, LONG TERM MEDI AN TOTAL

NO SE  REQUI REMENTS

NO SE SOURCES

OBSTRUCTI ON LGSS

OPTI CAL  SURVEYS

OSCI LLATORS, M CROWAVE
PARABOLI C- REFLECTOR  ANTENNAS
PASSI VE REPEATERS

PATH CALCULATI ONS

PATH CLEARANCE

PATH DESCRI PTI ON

PATH LGSS DI STRIBUTI ON
PATH LOSS MEASUREMENTS
PATH LGSS PREDI CTI ONS
PATH PERFORVANCE

PATH PROFI LE
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PARAGRAPH NO

N

SN

4.
4.

e T T S o e

O O N N N

. 26

26.5

26.6

22

23

. 26.8

.26.6
.23,4.5.16
.20,4.5.21

.16,4.5. 29

= N
~ o
[N
N

o o g A~ o AR RRN
N
oo

.15
4.26.3

. 4.12
.3.14,6.3

. 4.44.5
.4.29.21
.2.9,4.4.31
.2.20,4.5.18

2.17
3.3.3

.5.18
.2.36,4.3.20,6.4
. 2.20

3.20

2.13,4.2.15,4.4.3
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TERM PARAGRAPH NO.

PERI SCOPE  ANTENNAS 4.4.38
PERSONNEL, SURVEY 4.3.2.3
POLARI S 6.1
POLARI ZATI ON 4.4.29.28
POVER

Desi gn, System 5.3

Distribution Draw ng 5.2.2.7
PONER AVAI LABILITY 4.3.3.3
POVNER FADI NG 4.4.11

Due to Diffraction 4.4.12

Due to Antenna *“Decoupling” 4.4.13

Due to Ducts and Layers 4.4.14

Due to Precipitation 4.4.15
POVER GAIN 4.4.29.4
PRECI PI TATION FADI NG 4.2.23,4.4.15,4.5.32
PRE- EMPHAS| S 4.5.26
PRIME MERI DI ANS 4.2.4
PROFI LE GRAPH PAPER 4.2.15
PROFI LES, TERRAIN 4.2.13,4.2.15,4.4.3
PROPAGATI ON 4.4.5
QUALITY 4.1.3
RADI ATI ON  HAZARD 5.1.2.4,5.8
RADI ATI ON  PATTERN 4.4.32
RADI O FREQUENCY ( RF) 4.1.9,4.3.7,4.5.7
RADI O REGULATI ONS 4.5.6
RAIN ATTENUATI ON 4.2.23,4.2.24,4.4.15,

4.5.32

RAINFALL RATE 4.2.23,4.2.24
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TERM

RAYLEI GH FADI NG
REAL ESTATE

RECEI VER

RECI PROCI TY
REFLECTI NG SURFACE

REFLECTI ONS, TERRAIN

REFLECTORS

Par abol i c

Pl ane
REFRACTI ON, ATMOSPHERI C
REFRACTI ON, | NDEX OF
REFRACTIVITY GRADI ENTS
REGULATIONS, RADIO
RELAY LINKS, POTENTI AL
RELAY SI TES
REPEATERS

Active

Baseband

Het er odyne

Passi ve

Through
RESOURCE LI M TATI ONS
RF ANPLI FI ERS
ROADS, ACCESS
ROUTE

Consi derati ons
Sel ection
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PARAGRAPH NO.

>
BB

&~

S

I s

>~ o~ s

> oRARRS

o B

>~
N N

N S

BN\

SN

[EEN

N

LINEECES

.20
6
.45
. 29.20

. 17.2,4.3.22. 4,
.3.20.2,4.4.9,

.4.32
.19,4.2.26,4.3.20.2,

.4.9,4.4.10
9.1

.29.22

.32 to 4.4.36

.25,4.4.6

(44, 4. 4. 46
3

.30
.6
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TERM PARAGRAPH NO.
ROUTE ALTERNATI VES 4.2.35
ROUTES, DI RECT 4.2.8
ROQUTE DI VERSI TY 4.2.6.2
ROUTES, POTENTI AL 4.2.6
ROUTES, PRELI M NARY 4.2.12
SECURI TY, SITE 4.2.34
SEI SM C DATA 4.3.3.3
SELECTI VE | NTERFERENCE 4.4.27
SI GNAL | NPUT, SHORT- TERM 4.5.31
SI TE DESCRI PTI ON 4.3.3.3,4.3.11
SITE PLAN 5.1.2
SITE SELECTI ON 4.2.2,4.3.23
SITE VISITS 4.3.11
SITE VISITS, PERM SSION FOR 4.3.10
SI TES 4.2.2,4.2.5,4.2.10,
5.1

SITING

Access 4.2.5,4.3.3.3,4.3.10

4.3.11

Contour Map 4.2.4

Field Trips 4.3.3.3,4.3.11
SQUTHERN HEM SPHERE 6.1.1.6
SPACE DI VERSI TY 4.4.22,4.4.23,4.5.34
SPECTRUM  FREQUENCY 4.1.9
STANDARD ATMOSPHERE 4.2.15.1
SURVEY EQUI PNENT 4.3.4
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TERM
SURVEY

Field

Pl anni ng

Equi pnent
SYSTEM LAYOUT
TEMPERATURE | NVERSI ON
TERRAIN CLEARANCES
TERRAIN PROFI LES

TERRAI'N REFLECTI ONS

TESTING PATH LOSS
THRESHOLD LEVEL (FM
THERVAL RECEI VER NOI SE
TIME

Appar ent
Local Mean

Mean Sol ar
Si derea
Standard
Zone Boundaries
Geewich Cvil
TIME AVAI LABI LI TY
TIME REQUI REMENTS, SURVEY

TONERS

TONERS FOR PATH LOSS TESTI NG
TRANSM SSI ON LI NES, RF
Layout
Types
TRANSM SSI ON LGSS
TRANSM TTERS

TRANSPORTATI ON
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PARAGRAPH NO

.2.2,4.3. 4
2

6.7

12

w b~ OO pww

.2.13,4.2.15,4.4.3

e

.2.19,4.2.19.5,4.4.9,
4.4.10

4.5.18.3
4.4.45,/4.5.23 to 4.5.27

BN EENY IRy HEN TE N N
WWWWwWwww

.36 to 4.5.38
8

.7,4.2.32,4.3.17. 3,
.4.4,5. 4

>~ » o000 ®

. 17.3

.40
. 2.10

o N w i SQUEEN w o1

ok

4.2.21
4.4.44
4.3.5
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TERM
TRAVELI NG WAVE TUBE AMPLI FI ERS
UTM RID
VSVWR = VOLTAGE STANDI NG WAVE RATIO
WAVE VELCCITY
WAVELENGTH
WAVEGUI DE
Dehydr at or
Layout
Types
ZONES
Fr esnel
Rain Rate
Ti ne

ZONING RESTRI CTI ONS

Cust odi ans:
Arny - SC
Navy - EC

Air Force - 17

Review Activities:
Arny - SC, EL
Navy - AS, SH
Air Force - 1,11,13,71

User Activities:
Arny -

Navy -
Air Force -
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PARAGRAPH NO

4.4.44.7
4.2.14.2
4.4.29.13,4.5.21.5
4.5.21.4, 4.5.21.5

Preparing Activity
Air Force - 17

(Project SLHC 0023)
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